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Abstract 


The  history  of  solid  propellants  has  dramatically  changed  since  the  end  of  the  19th  century  when  Paul  Vieille  and  Nobel 
discovered  the  phenomenon  of  gelatinization  of  nitrocellulose  (either  by  solvent  or  by  nitroglycerin).  The  products  thus 
obtained  exhibited  a  new  combustion  behaviour,  combustion  in  parallel  layers  This  is  the  basis  of  modern  gun  and  rocket  solid 
propulsion. 

Extruded  double  base  propellant  grams  were  used  for  propulsion  of  rockets  before  world  war  II.  Composite  propellants  (a 
binder,  a  fuel  and  an  oxidizer)  were  discovered  dunng  the  1940s.  They  also  burn  in  parallel  layers,  although  microscopically  the 
process  is  more  complex.  Since  that  time,  these  families  of  propellants  have  been  improved  and  are  now  widely  used  foi  the 
propulsion  of  tactical  rockets,  strategic  missiles,  as  well  as  space  launchers.  During  the  operation  of  rocket  motors,  many 
complex  combustion  phenomena  occur.  It  is  the  object  of  Lecture  Series  180  to  present,  and  analyse  all  these  combustion 
phenomena,  both  theoretically  and  experimentally: 

—  Overview  on  solid  propellant  combustion  within  a  rocket  motor 

—  Solid  propellant  steady  combustion 

—  Erosive  burning 

—  Special  effects  in  solid  propellant  combustion 

—  Combustion  instabilities 

—  Ignition  and  unsteady  combustion 

—  Combustion  and  safety  of  solid  propellant  rocket  motors. 

This  Lecture  Senes,  sponsored  by  the  Propulsion  and  Energetics  Panel  of  AOARD,  has  been  implemented  by  the  Consultant 
and  Exchange  Programme 
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L'histoire  dcs  propergols  solidcs  a  connu  un  boulevcrsement  profond  avec  la  dccouveite  pai  Paul  Vieille  ct  Nobel,  a  la  fin  du 
dix-neuvieme  siecle,  du  phenomene  de  la  gelatinisation  de  la  nitrocellulose  (son  par  solvant  son  par  la  nitroglycerine).  Les 
produits  ainsi  obtenus  presentaient  un  nouveau  comportement  a  la  combustion:  la  combustion  par  couches  paralleles.  Cc 
phenomene  est  a  la  base  de  la  propulsion  par  propergols  soiides  des  obus  el  fusees  modernes. 

Avant  la  deuxieme  guerre  mondiale  des  blocs  a  propergols  sans  dissolvant  furent  utibses  pour  la  propulsion  des  fusees.  Les 
poudres  composites  (un  liant,  un  ergol  et  un  comburani)  ont  ete  decouvertes  tors  des  annees  1940:  la  combustion  se  fait 
cgalement  par  couches  paralleles,  bien  que  le  precede  soit  plus  complexe  sur  le  plan  micromoleculaire.  Depuis  lors,  ccs  families 
d’ergols  ont  ete  ameliorees  et  ellcs  sont  desormais  Ires  largcment  employees  pour  la  propulsion  des  fusees  tactiques,  des 
missiles  strategiques  et  des  lanceurs  spatiaux.  Un  grand  nombre  de  phenomenes  complexes  de  combustion  se  produisent 
pendant  le  fonctionnement  d’un  moteur-fusee  cl  I’objet  du  cycle  de  conferences  No  180  est  de  les  presenter  el  do  les  analyser, 
tant  au  plan  thrarique  qu’expenmental: 

—  panorama  de  la  combustion  des  propergols  soiides  dans  les  moteurs-fusees 

—  la  combustion  stationnaire  des  propergols  soiides 
~  la  combustion  erosive 

—  les  effets  particuliers  dc  la  combustion  des  propergols  soiides 

—  les  instability  de  combustion 

—  I’allumagc  et  la  combustion  stationnaire 

—  la  combustion  et  la  secunte  des  moteurs-fusees  a  propergols  soiides. 

Ce  cycle  de  conferences  est  preiente  dans  le  cadre  du  programme  des  Consultants  et  des  Echanges,  sous  I’egide  du  Panel 
AGARD  de  Propulsion  et  d'Energetique. 
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1.  FOREWORD  (How  L8  160  waa  Initlatad) 

In  1988  and  1989,  AQARD  organized  a  double 
series  of  lectures  (LS  ISO)  on  the  subject 
of  Design  Methods  in  Solid  Rocket  Motors. 
The  Lecture  Series  Director  was  Daniel 
REYDELLET.-  This  Lecture  Series  was  so 
successful  that  it  was  presented  in  1988  In 
Netherlands,  Greece,  Turkey  and  United 
States  of  America,  then,  in  1989,  in  united 
Kingdoiii,  France,  Germany  and  Italy.  A 
substantial  part  of  this  Lecture  Series 
was,  of  course,  dedicated  to  solid 
propellant  grain  design.  The  question  of 
propellant  combustion,  which  is  essential 
in  the  principles  of  rocket  motor 
propulsion,  was  addressed,  but  could  not 
thoroughly  be  detailed.  Various  aspe-ts 
were  mentioned  such  as  :  normal  steady 
combustion,  ignition,  unsteady  combustion, 
erosive  burning,  combustion  instabi 1 ites, . . 
Numerous  attendees  of  LS  ISO  asked  for  more 
information  on  these  subjects,  so  that 
^3ARD  Propulsion  and  Energetics  Panel 
proposed  that  a  whole  Lecture  Series  be 
dedicated  to  these  questions  of  solid 
propellant  combustion.  This  proposal  was 
approved  by  the  National  Delegates  Board  of 
AGARD,  then  organized  by  Plans  and 
Programmes  of  AGARD  in  connection  with  the 
Propulsion  and  Energetic  Panel. 

This  is  the  origin  of  Lecture  Series  180 
which  is  a  useful  follow  up  of  LS  150  In 
the  field  of  solid  propellant  behavior  (one 
may  also  imagine  another  specialized 
Lecture  Series  In  the  field  of  solid 
propellant  mechanical  properties  and  grain 
structural  analysis  or  in  the  field  of 
rocket  motor  plume  technology). 


F  :  thrust 

Cf  :■  nozzle  thrust  coefficient 
P  :  Internal  pressure  (in  the  rocket 
motor) 

At  nozzle  throat  cross  section  area 

The  internal  pressure  in  the  motor  is  the 
result  of  balanced  flow  rates  : 

-  an  Input  flow  rate  due  to  the  combustion 
of  the  propellant, 

~  an  output  flow  rata  due  to  the  ejection 
of  propellant  high  temperature  combustion 
products  through  the  nozzle. 

This  may  be  written  as  : 

fsVc  =  P.Cd.At 

f  propel  lant  density 

S  propellant  grain  burning  area 

Vc  :  propellant  burning  rate 
P  :  internal  pressure 
Co  nozzle  discharge  coefficient 
At  :  nozzle  throat  cross  section  area 

This  equation  may  be  written  and 
corresponds  to  a  steady  operation  only  if 
one  assumes  that  ; 

-the  propellant  burns  in  "parallel 
layers”,  that  is  to  say  that  the  burning 
front  recedes  at  a  speed  whose  vector  is 
perpendicular  to  the  front  (normal 
combustion) ; 

-  the  propellant  burning  rate  increases 
proportionally  less  than  the  pressure, 
when  the  latter  increases. 


2.  ROLE  OF  COMBUSTION  IN  SOLID  ROCKET  MOTOR 
OPERATION 


These  are  thi  main  questions  that  are 
discusced  in  this  Lecture  Serins  : 


Combustion  is  the  central  phenomenon  of 
solid  rocket  motor  operation.  It  is  the 
stage  where  condensed  matter  is  transformed 
into  gaseous  high  temperature  products.  The 
"potential"  energy  contained  into  the 
propellant  is  changed  into  the  thermal  and 
kinetic  energy  of  gaseous  mixture  thanks  to 
a  nozzle.  The  higher  temperature  and  the 
lower  the  molecular  weight  of  the  mixture, 
the  more  impulsive  the  propellant  ; 
specific  impulse  of  a  propellant  (impulse 
delivered  by  the  propellant  mass  unit  in 
given  conditions)  is  proportional  to  the 
square  root  of  gas  temperature  over  gas 
average  molecular  weight  : 


Is  =  k 


However,  it  is  not  sufficient  to  "deliver 
impulse".  This  impulse  is  the  integral  of 
thrust  versus  time  and  thrust  must  be 
controlled  during  the  operation  of  the 
rocket  motor.  Thrust  is  related  to  pressure 
in  the  rocket  motor  : 

F  =  Cp  .P.At 


Te 
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SOLID  PROPELLANT  MUST  BURN  IN  PARALLEL 
LAYERB 


REUTIVE  CHANOF 
PRESSURE  MUST  "c 
PRESSURE  CHANrr 


.r  BURNING  RATE  VERSUS 
LOWER  THAN  RELATIVE 


Besides  these  basic  requirements,  many 
other  phenomena  have  to  be  under  control . 
Rocket  motors  have  to  be  efficient,  safe 
and  reliable.  Accurate  predictive  methods 
must  be  available  (in  order  to  minimize  the 
cost  of  the  rocket  motor  development 
programmes),  /ill  these  requirements  demand 
a  detailed  knowledge  of  the  phenomena 
related  to  ignition,  unsteady  combustion, 
erosive  burning,  combustion  instabilities, 
deflagration  to  detonation  transition,... 

3.  COMBUSTION  IN  PARALLEL  LAYERS 

In  1991,  it  seems  obvious  that  solid 
propellant  burns  in  parallel  layers.  It  has 
not  been  always  like  that,  and  one  has  to 
remember  that,  even  nowadays,  a  failure  in 
that  way  of  burning  may  induce  catastrophic 
effects  such  as  transition  to  detonation. 
Until  1884,  solid  propellant  was  mainly 
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blacK  powder.  This  propellant,  even 
strongly  compacted,  could  not  sustain  a 
full  combustion  in  parallel  layers  in  a 
gun.  In  additi.ip,  it  was  smoky  and  its 
impulse  was  limited  In  the  middle  of  the 
nineteenth  century,  nitrocellulose  was 
recognized  as  a  potent’ally  very 
interesting  propellant.  Many  at temps  were 
made  to  use  it  for  gun  propulsion.  Its 
force  was  around  three  times  that  of  black 
powder  and  it  was  smokeless.  Even 
compacted,  this  product  did  not  burn 
regularly  and  many  guns  exploded  as  a 
result  of  this  unpredictable  behaviour. 

In  1884,  Paul  Vieille  discovered  how  to 
"gelatinize"  nitrocellulose  using  a  mixture 
of  ether  and  ethyl  alcohol  and  removing 
this  solvent.  Instead  of  having  a  fibrous 
structure,  the  nitrocellulose  thus  obtained 
was  a  compact  not  porous  material  which 
burned  in  parallel  layers.  This  was  the 
birth  of  single  base  propellants. 

At  the  same  period,  Nobel  discovered  that 
nitrocellulose,  mechanically  processed  with 
nitroglycerin  at  temperatures  above  normal 
temperature,  was  also  cnanged  into  a 
compao*' ,  non  porous  material.  This  was  the 
birth  of  double  base  solventless  propellant 
whose  thickness  may  reach  several 
centimeters.. 

During  the  twentieth  century,  new  families 
of  solid  propellants  appeared,  such  as  cast 
double  base  propellants  and,  during  World 
War  II,  composite  propellants. 

Composite  propellants,  made  of  a  polymeric 
matrix,  an  oxidiser  and  a  metallic  fuel, 
macroscopical ly  burn  in  parallel  layers, 
although,  microscopically,  as  the  material 
is  not  homogeneous,  the  flame  front  is  not 
plane.  The  web  thickness  of  propellant 
grains  based  on  these  propellants  has  no 
theoretical  limit.  Grains  of  4  meters 
diameter  have  been  manufactured. 

As  mentioned  above,  burning  in  (.a-allel 
layers  is  not  sufficient  for  designing  a 
satisfactory  propellant  grain.  The 
propellant  grain  designer  must  be  provided 
with  propellants  having  controlable  burning 
rate.  The  need  for  high  performance  rocket 
motors  involves  to  master  erosive  burning, 
combustion  Instabilities. 

4.  ORGANIZATION  OF  THE  LECTURE  SERIES 
SESSION 

During  the  session,  six  speakers  will 
present  eight  lectures.  These  speakers  are 
among  the  western  world  best  specialists  in 
the  field  of  combustion.  All  of  them  are 
leaders  in  their  countries.  They  have 
gathered  experience  all  along  the  years  and 
all  of  them  are  now  very  well  known  in  the 
field  of  propellant  combustion.  Because  of 
their  expertise  they  have  important 
responsabi 1 ities  and  very  busy  schedules. 
Despite  that,  they  have  devoted  an 
important  part  of  their  time  to  prepare 
their  lectures.  We  are  proud  to  have  them 
for  this  lecture  series  and  we  acknowledge 
their  common  participation,  which  is  a  rare 
event. 

4.1  Combustion  Phenomena  Associated  with 
solid  propellant  rocket  motor 
operation 

Alain  DAVENAS  will  give  an  overview,  from 


an  engineering  point  of  view,  of  all  the 
phenomena  related  to  combustion  which  have 
to  be  considered  for  designing  a  sound 
solid  propellant  grain.  This  lecture  is 
intended  to  make  a  link  between  the 
engineer  and  the  scientist,  between 
practical  issues  and  basic  scientific 
investigations.  Each  of  the  following 
lectures  will  be,  at  least  partially, 
connected  with  this  first  lecture. 

4.2  Solid  propellant  steady  combustion 
(two  lectures) 

Guy  LENGELLE  and  Professor  Kenneth  K.  KUO 
will  adddreas  this  essential  point  on  both 
physical  and  theoretical  aspects.  It  is  the 
objective  of  these  lectures  to  give  a 
comprehensive  understanding  of  the  physics 
of  the  combustion  process  of  various  types 
of  solid  propellants  and  also  of  their 
ingredients.  Another  objective  is  to 
provide  the  attendees  of  LS  180  with  the 
description  of  the  various  up  to  date 
models  of  combustion  behaviour  of  double 
base  and  composite  propellants. 

4.3  Erosive  burning  of  solid  propellants 

This  phenomenon  is  given  more  and  more 
consideration  because  of  the  permanent 
trend  towards  high  performance  rocket 
motors,  which  induces  high  propellant 
loading  density.  Erosive  burning  have  to  be 
controlled,  so  that  it  can  be  used  instead 
of  being  merely  a  constraint. 

Merrill  KING  will  present  a  review  of 
experimental  and  modelling  work  concerning 
erosive  burning  of  solid  propellants. 

Hare  again,  double  base  and  composite 
propellant  behaviour  will  be  analysed  and 
tl.e  most  up  to  date  models  will  be 
discussed. 

4.4  Effect  of  wires  on  solid  propellant 
bal 1 i sties 

Several  rocket  motor  grains  involve  the  use 
of  metallic  wires.  One  can  mention  STINGER 
and  SAM  7  Surface  to  A1r  missiles  as  using 
that  type  uf  rocket  motors.  Metallic  wires 
are  used  co  amplify  solid  propellant 
burning  rate  and  thus  to  make  possible  the 
use  of  grain  geometries  which,  otherwise, 
would  not  be  acceptable.  Merrill  KING  will 
review  the  phenomenon  and  the  various 
models  available.  Some  of  them  are  related 
to  the  "pure"  phenomenon  (for  propellant 
strands),  other  are  coupled  with  the  rocket 
motor  chamber  ballistics  analysis  so  as  to 
provide  prediction  of  pressure  (and  thrust) 
versus  time  history. 

4.6  Combustion  instabilities 

Combustion  instabilities  may  have,  in  some 
rocket  motors,  catastrophic  effects  such  as 
overpressure.  They  are  difficult  to  predict 
accurately.  Basic  physical  phenomena  will 
be  analysed  by  Paul  KUENTZMANN.  State  of 
the  art  of  available  predictive  methods  of 
rocket  motor  stability  will  be  presented. 
Some  examples  will  be  given  in  order  to 
illustrate  this  lecture. 

4.6  Ignition  and  unsteady  combustion 

Professor  KUO  will  review  the  literature 
available  in  the  field  of  solid  propellant 
ignition  so  as  to  present  a  comprehensive 
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description  and  evaluation  of  the  state  of 
the  art  in  ignition  to  date. 

Professor  KUO  will  also  present  the 
phenomena  and  the  models  related  to 
transient  burning.  One  has  to  be  aware  that 
instantaneous  burning  rate  under  transient 
conditions  may  differ  significantly  from 
the  steady  state  corresponding  va'ue. 

4.7CcMbustion  and  safety  of  solid 
propellant  rocKst  motors 

Tom  BOGGS  will  discuss  these  ir<porta.'t 
topics.  The  content  of  his  lecture  will  be 
partially  based  on  the  work  presented  in 
Agardograph  316  "Hazard  studies  for  Solid 
Propellant  Rocket  Motors"  which  will  be 
distributed  to  the  Lecture  Series 
attendees.  Some  updated  information  wil' 
also  be  presented  so  that  these  materials 
will  represent  the  state  of  the  art  in  this 
critical  field. 

S.  CONCLUSION 

We  shall  conclude  this  Lecture  Series  by  an 
attempt  to  make  a  synthesis  on  this  wide 


topic  of  solid  propellant  combustion  and  by 
a  round  table  discussion. 

During  the  synthesis,  we  shall  try  to 
unformally  address  the  topics  which  were 
not  addressed  during  the  Lecture  Series, 
because  although  of  Interest,  they  were  not 
selected  when  preparing  these  sessions.  One 
can  mention,  rocket  motor  plume  technology, 
thermodynamical  properties  (and 
calculation)  of  solid  propellant, 
combustion  of  solid  fuel  and  fuel  rich 
propellants  in  ducted  rockets,  computer 
codes  for  calculation  of  propellant  grain 
recession  during  combustion,  comparison 
between  gun  propellant  combustion  and 
rocket  propellant  combustion... 

During  the  round  table  discussion,  the 
lecturers  will  address,  in  more  details, 
the  points  presented  during  the  Lecture 
Series,  that  the  attendees  would  like  to  go 
deeply  into.  Together,  we  shall  also  try  to 
point  out  the  topics  for  which  the 
knowledge  is  not  at  a  satisfactory  level, 
considering  the  needs  for  an  accurate 
prediction  of  performance,  safety  and 
reliability  of  rocket  motors  operation. 
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1 .  PREAMBULE  (Cooment  aat  n«a  la  S4r1e  de 
conf Frances  LS  180) 

En  1988  et  1989,  L’AGARD  a  organiaA  une 
double  sAne  de  conferences  (LS  150)  sur 
1es  methodes  de  conception  des  moteurs  8 
propergol  so11de.  Le  dlrecteur  de  cette 
sArle  de  conferences  etait  1’Ingenleur  en 
Chef  de  1 ’Armament  REYDELLET  du  Service 
Technique  des  Engins  8  1a  Delegation 
Generals  8  1'Armement  (FRANCE).  Cette  sene 
de  conferences  a  remporte  un  tel  succes 
qu’e11e  a  ete  presentee  une  premiere  fols, 
en  1988,  aux  Pays-Bas,  an  Grece,  an  Turquie 
et  aux  Etats-Unls  d'Amenque  puls  une 
deuxiema  fois,  en  1989,  au  Royaume  Uni,  en 
France,  en  Allemagne  et  en  Italle,  Une  part 
consequents  de  cette  serle  de  conferences 
etait,  bien  entendu,  consacree  8  la 
conception  des  chargements  de  propergol 
solids.  La  question  de  la  combustion  des 
propergols,  qui  est  au  coaur  du  prIncIpe  de 
la  propulsion  par  moteur  8  propergol 
solids,  y  etait  traltee,  mais  pas  an 
detail.  Divers  points  etalent  abordes  tals 
que  la  combustion  normals  ctationnalre, 
1’allumage,  la  combusfon  instatlonnaire, 

1a  combustion  erosive,  les  Inatabilltes  de 
combustion,  etc...-  De  nombreux  auditeurs  de 
la  serle  de  conferences  LS  150  ayant 
souhslte  obtenir  des  complements 
d’ Information  sur  ces  sujets,  le  Comite 
Energetique  et  Propulsion  (PEP)  de  I’AQARD 
a  propose  de  consacrer  une  serle  entiOre  de 
conferences  8  cette  question  de  la 
combustion  des  propergols  sol  ides.  Cette 
proposition  a  ete  approuvOe  par  le  Consell 
des  Deiegues  Natlonaux  (NDB)  de  1’AGARD, 
puls  organises  par  Plans  et  Programmes  de 
1’AGARD  en  relation  avec  le  Comite 
Energetique  et  Propulsion. 

C’est  18  1 ’engine  de  la  serle  de 
conferences  LS  180  qui  est  une  suite  utile 
de  la  serle  de  conferences  LS  150  (on 
pourrait  aussi  envisager,  dans  le  meroe 
esprit,  d’autres  series  de  conferences 
spedallsees,  par  example  sur  les 
proprietes  mecaniques  et  le  dimenslonnement 
mecanique  des  chargements  de  propergol 
solids,  ou  encore  sur  la  technologie  des 
jets  de  propul seur), 

2.  ROLE  OE  LA  COMBUSTION  DANS  LE 
FONCTIONNEMENT  DES  MOTEURS  A  PROPERGOL 
SOLIDE 

La  combustion  est  le  phenomena  central  du 
fonctlonnement  des  moteurs  8  propergol 
solids.  C’est  I’etape  oCi  la  matiere 
condenses  (sollde)  est  transformOe  en 
produits  gazeux  8  haute  temperature. 
L’energle  "potentlel le"  contenue  dans  le 
propergol  se  change  en  energle  thermique 
puls,  grace  8  une  tuyOre,  en  energle 
cinetique  du  melange  des  gaz  de  combustion. 
Plus  la  temperature  de  ce  melange  est 
eievee  et  plus  la  masse  mo16cula1re  moyenne 
de  ce  melange  est  falble,  plus  le  propergol 
a  une  Impulsion  spedflque  eievee. 

L’ impulsion  spedflque  d’un  propergol 
(Impulsion  fournie  par  1 ’unite  de  masse  de 
propergol  dans  des  conditions  donnees)  est 


proportionnel  le  8  la  radne  carree  de  la 
temperature  des  gaz  de  combustion  di vises 
par  la  masse  moieculaire  moyenne  de  ces 
gaz : 


Is  = 


k 


Tc 
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Dependant,  il  n'est  pas  suffisant  de 
"fournlr  de  1 ’ Impulsion" .  Cette  Impulsion 
est  1 ’Integrals  de  la  poussee  au  cours  du 
temps  et  la  poussee  odt  etre  contrdiee 
(avoir  un  profll  donne)  pendant  le 
fonctlonnement  du  moteur.  La  poussee  est 
lies  8  la  presslon  dans  le  moteur  par  la 
relation  : 


F  =  Cf .P.At 


F  ;  poussee 

Cf  :  coefficient  de  poussee  de  la  tuyere 
P  :  presslon  8  I’interleur  du  moteur 
Arialre  de  la  section  droite  du  col  de 
tuyere 

La  presslon  Instantanee  dans  le  moteur  est 
le  resultat  de  I’equillbre  de  flux  gazeux 
entrant  et  sortant  : 

-  un  flux  entrant  dQ  8  la  combustion  du 
chargement  de  propergol , 

-  ur,  flux  sortant  dQ  8  1 ’ejection  des 
produits  de  combustion  8  haute 
temperature  au  travers  de  la  tuyere. 

Ceci  peut  s’ec’'1re  alnsi  :• 

^  S/c  =  P.Co  .At 

^  masse  volumique  du  propergol 
S  airs  de  la  surface  de  propergol  en 
combustion 

Vc:  Vitesse  de  combustion  lines ire  du 
propergol 

P  :  presslon  interne 
Co :  coefficient  de  debit  de  la  tuyere 
Arialre  de  la  section  droite  du  col  de 
tuyere 

Cette  equation  ne  peut  etre  6crite  et  ne 
correspond  8  un  regime  stable  que  si  I’on 
fait  I’hypothese  que  ; 

-  le  propergol  brOle  en  "couche 
paralieie",  ce  qui  signifle  que  le  front 
de  combustion  regresse  paral leiement  8 
lui-meme  8  une  vltesse  dont  le  vecteur 
est  normal  au  front  (combustion 
normals) : 

-  1 ’augmentation  relative  de  la  vltesse  de 
combustion  avec  la  pression  est  moindre 
que  1 ’augmentation  relative  de  cette 
dern18re. 

Ces  questions  sont  au  coeur  de  cel les  qui 
sont  tra1t8es  au  cours  de  cette  s8r1e  de 
confdrences. 

LE8  PROPERGOLS  BOLIDES  OOIVENT  BRULER  EN 
(XXJCHES  PARALLELES. 
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LA  VARIATION  RELATIVE  DE  LA  VITESSE  DE  parallftles.  Microscopiquement,  Atant  donnA 

COMBUSTION  DOIT  ETRE  PLUS  FAIBLE  QUE  LA  QUA  lA  matAriau  n’est  pas  homogAna,  le 

VARIATION  CORRESPONOANTE  DE  LA  PRES8I0N  front  de  flamme  n’est  pas  plan  et, 

strictement  parlant,  la  combustion  ne 
<u-dslA  de  ces  spAcif icatlons  de  base,  de  s’effectue  pas  en  couches  parallAlea.' 
ncmbreux  autres  phAnomAnes  doivent  Atre 

connus,  maftrisAs  et  contrAlAs,  Les  moteurs  L'Apaisseur  A  brCiler  de  ces  chargements  de 
A  propergol  solide  doivent  Atre  propergol  n’a  pas  thAonquement  de  limits 

performants,  sQrs  et  fiables.  II  faut  supArieure.  Des  chargements  de  quatre 

disposer  de  mAthodes  de  prediction  du  mAtres  de  diamAtre  ont  dAjA  AtA  fabriquAs. 

fonctionnement  des  moteurs  sOres  et 

prAcises.  Ces  besoins  nAcessitent  une  Comme  il  a  AtA  dit  plus  haut,  une 

connaissance  approfondie  des  phAnomAnes  ccmbustion  en  couches  parallAles  n’est  pas 

liAs  A  I’allumage,  A  la  combustion  suffisante  pour  qu’un  chargement  de 

instationnaire,  A  la  combustion  Arosive,  propergol  fonctionne  correctement.  Le 
aux  instabilitAs  de  combustion,  A  la  concapteur  de  chargement  doit  disposer  de 

transition  de  la  deflagration  vers  la  propergols  dont  il  doit  pouvoir  rAgler  la 

detonation...  vitesse  de  combustion,  La  recherche  de 

performances  toujours  amAliorAes  impl'ique 

3.  COMBUSTION  EN  COUCHES  PARALLELcS  Agalement  une  connaissance  et  une  maftnse 

de  la  combustion  Arosive  et  des 

En  1991,  il  semble  evident  que  les  instabilitAs  de  combustion, 

propergols  sol  ides  brOlent  en  couches 

parallAles.  Cela  n’a  pas  AtA  toujours  le  4.  ORQANISATION  ET  DEROULEHENT  DE  LA  SERIE 
cas,  et  il  faut  bien  avoir  A  1 ’esprit  que,  DE  CONFERENCES 

mAme  de  nos  jours,  un  mode  de  combustion 

degrade  par  rapport  au  mode  nominal  peut  Pendant  cette  session  six  orateurs 

induire  des  effets  extrAmement  nAfastes,  prAsenteront  huit  conferences.  Ces  orateurs 

tels  que  la  transition  deflagration  sont  parmi  les  meilleurs  special istes 

detonation.  mondiaux  de  la  combustion  des  propergols 

sol  ides.  Tous  sont  reconnus  comme  les 

Jusqu’en  1884,  le  propergol  solide  unique  meilleurs  dans  leurs  pays.  Ils  ont  accumulA 

Atait  la  poudre  noire.  Ce  propergol,  mAme  dee  connaissances  et  de  1 ’experience  au 

fortement  compactA,  ne  peut  brOler  cours  des  annAes  et,  de  plus,  ils  possAdent 

complAtement  en  couches  parallAles  dans  un  tous  la  passion  de  fairs  savoir,  de 

canon.  De  plus,  il  crAe  beaucoup  de  fumAe  transmettre  ces  connaissances.  A  cause  de 

et  sa  force  est  limitAe.  Au  milieu  du  isAme  cette  competence  mAme,  ils  ont 
siAcle,  il  est  apparu  que  la  nitrocellulose  d’ importantes  responsabi 1 itAs  et  des 
pouvait  Atre  un  propergol  (une  poudre)  trAs  emplois  du  temps  trAs  charges.  En  dApit  de 
intAressant:-  de  nombreux  programmes  d’essai  cela,  ils  ont  consacrA  une  part  importante 

ont  AtA  menAs  A  cette  Apoque  afin  de  de  leur  temps  A  prAparer  leur(s) 

I’utiliser  pour  propulser  les  projectiles  confArence(s) .  Nous  sommes  fiers  de  leur 
dans  les  canons.  Sa  force  est  trois  fois  participation  A  cette  sAris  de  conferences 

supArieure  A  celle  de  1a  poudre  noire  at  et  nous  saluons  cette  reunion  de 

elle  est  sans  fumAe.  Mais,  mAme  compactA,  spAcialistes  qui  est  un  AvAnement  rare, 
ce  produit  ne  brOlait  pas  rAgul iArement  et 

ce  comportement  irrAgulier  entrainait  4. 1  PhAnomAnes  de  combustion  liAs  au 

1 ’explosion  de  nombreux  canons.  foncticnnement  des  moteurs  A  propergol 

sol  ids 

En  1884,  Paul  VIEILLE  a  dAcouvert  comment 

gAlatiniser  la  nitrocellulose  en  la  Alain  Dr.venas  passera  en  revue  et 

mAlangeant  intimement  avec  un  mAlange  analyse'a,  du  point  de  vue  de  1’ingAnieur, 

Ather-alcool  puis  en  Aliminant  ce  solvent,  1’ensemble  des  phAnomAnes  liAs  A  la 
aprAs  malaxage  et  mise  en  forme  de  grains  combustion  dont  il  faut  tenir  compte  pour 

ou  de  bandes.  Au  lieu  d’un  matAriau  A  pouvoir  concevoir  et  rAaliser  un  chargement 

structure  fibreuse,  la  nitrocellulose  de  propergol  solide  de  bonne  qualitA.  Le 

traitAe  ainsi  avait  une  structure  compacts  but  de  cette  confArence  est  d’Atablir  un 

et  non  poreuse  qui  conduisait  A  une  lien  entre  I’lngAnieur  et  le  scientif ique, 

combustion  en  couches  parallAles.  C’Atait  entre  les  problAmes  pratiques  et  les 
la  naissance  des  poudres  A  simple  base.  rscherches  scientif iques  de  base.  Chacune 

des  confArences  suivantes  sera,  au  moins 

A  peu  prAs  A  la  mAme  Apoque,  Alfred  NOBEL  partial lement,  liAe  A  cette  premiAre 
dAcouvrait  que  la  nitrocellulose,  confArence. 

travaillAe  mAcaniquement  avec  de  la 

nitroglycArine  A  des  tempAratures  4.2Combustion  stationnaire  des  propergols 

supArieures  A  la  normals,  se  transformait  solides  (deux  confArences). 

aussi  en  un  matAriau  compact  et  non  poreux. 

C’Atait  la  naissance  des  propergols  A  Guy  LENQELLE  et  le  professeur  KUO 

double  base  sans  solvent  dont  I’Apaisseur  traiteront  cette  question  essentielle  sous 

peut  atteindre  plusieurs  centimAtres.  ses  deux  aspects  ;  physique  et  thAorique. 

C’est  le  but  de  ces  deux  confArences  de 

Au  cours  du  20Ame  siAcle,  de  nouvelles  prAsenter  une  description  dAtaillAe  de  la 

families  de  propergol  solide  sont  apparues,  physique  des  phAnomAnes  lies  A  la 

tel les  que  les  propergols  A  double  base  combustion  stationnaire  de  di verses 

moulAs  et,  durant  la  EAme  guerre  mondiale,  families  de  propergol  solide  (et  aussi  de 

les  propergols  composites.  leurs  constituants) .  Un  autre  objectif  est 

de  fournir  aux  auditeurs  de  cette  sArie  de 

Les  propergols  composites,  A  matrice  confArences  une  description  tout  A  fait  A 

polymArique  chargAe  par  un  oxydant  et  un  jour  des  diffArents  modAles  de  combustion 

combustible  mAtallique  (aluminium)  brOlent,  des  propergols  double  base  et  des 
d’un  point  de  vue  macroscopique,  en  couches  propergols  composites. 
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4.3  Combustion  Erosive  des  propergols 
sol ides 

Le  phdnomdne  de  la  combustion  Erosive  est 
dtudi6  de  plus  en  plus  car  la  tenc.ance 
gdndrale  S  1 ' augmentation  des  per‘.irmances 
des  moteurs  a  propergol  solide  induit  une 
augmentation  du  coefficient  de  rempiissage 
de  ces  moteurs  et  done  1 ’apparition 
beaucoup  plus  frdquente  de  1a  combustion 
erosive.  II  faut  connattre  at  mattnser  co 
phenomena,  de  fagon  a  ce  qu’il  ne  soit  plus 
considere  uniquement  comma  une  contrainte 
mais  qu’il  soit  eventual  lament  utilise 
fonctionnel lament. 

Merrill  KING  passers  en  revue  les  travaux 
les  plus  recants  relatifs  aussi  bien  a  la 
connaissance  experimentale,  qu’a  la 
connaissance  theorique  de  la  combustion 
erosive. 

4.4Effets  de  file  metalliquee  sur  la 
combustion  des  propergols  sol ides 

Plusieurs  chargements  de  moteur  a  propergol 
solide  de  missiles  utilisent  des  fils 
metalliques  ■;  on  peut  citer  le  STINGER  et 
le  SAM  7  qui  sont  des  missiles  Surface  Air 
a  courts  portee.  Les  fils  metalliques  sont 
utilises  pour  augmenter  fortement  la 
Vitesse  de  combustion  des  propergols 
sol  ides  ce  qui  autorise  1’ usage  de 
geometries  de  chargement  particul iarement 
interassantes.  Merrill  KING  examiners 
1 ’ensemble  des  phenomanes  lies  a  ce  mode 
particul ier  de  combustion  et  presenters  les 
model isations  correspondantes.  Certaines  de 
ces  model Isations  sont  relatives  au 
phenomane  elemental  re,  d’autres,  coupiees  a 
la  balistique  interne  des  moteurs, 
conduisent  a  une  prevision  de  la  pression 
et  de  la  poussee  du  moteur  en  fonction  du 
temps. 

4.5  Instabi lites  de  combustion 

Les  instabi lites  de  combustion  peuvent 
avoir  dans  certains  moteurs-f usees  des 
consequences  tras  graves,  par  example,  des 
surpressions  conduisant  a  1 ’explosion  de  la 
structure.  Elies  sont  difficiles  a  prevoir 
avec  precision.  Les  phenomanes  physiques  de 
base  seront  analyses  par  Paul  KUENTZMANN. 
L’etat  des  connaissances  en  ce  qui  concerne 
les  methodes  de  prevision  de  la  stabilite 
du  fonctionnement  sera  presente.  Quelques 
examples  pratiques  seront  donnes  afin 
d’illustrer  cette  conference 

4.6A11umage  et  combustion  instationnaire 

Le  professeur  KUO  passers  en  revue  et 
synthetisera  la  litteratura  dieponible  dans 
le  domaine  de  1’allumage  des  propergols 
sol  ides  afin  de  presenter  une  description 
et  une  evaluation  de  1’etat  de  1'art  en  ce 
qui  concerne  1’allumage  des  propergols 
sol  ides. 


Le  professeur  KUO  presenters  aussi  les 
phenomenes  physiques  et  les  modeies  lies  & 
la  combustion  instationnaire.  Ce  point  est 
important  car  il  peut  arriver  que  la 
Vitesse  de  combustion  d’un  propergol  dans 
des  conditions  trds  instationnai res  soit 
tres  differente  de  la  vitesse  observes  A  la 
mSme  pression  mais  dans  des  conditions 
stationnaires. 

4. 7  Combustion  et  sdeurite  des  moteurs  A 
propergol  2o11de 

Tom  BOGGS  traitera  cette  question  de  grande 
importance.  Le  contenu  de  sa  conference 
sera  fonde  en  partie  sur  le  travail 
presente  dans  1 ’ AGARDographie  316  "Hazard 
Studies  for  Solid  Propellant  Rocket  Motors" 
qui  sera  distribuee  aux  auditeurs  de  la 
serie  de  Conferences.  Une  mise  A  jour  des 
informations  sera  Agalenent  presentee  de 
sorts  que  cette  conference  reprdsentera 
1’etat  dos  connaissances  dans  ce  domaine 
capital . 

5.  CONCLUSION 

Nous  conclurons  cette  sdrie  de  conferences 
d’une  part  en  essayant  de  synthetiser  les 
connaissances  sur  le  large  sujet  de  la 
combustion  des  propergols  sol  ides  et, 
d’autre  part,  en  organisant  une  table  t onde 
sur  le  sujet. 

Pendant  la  synthAse,  nous  tenterons  de 
traiter  de  maniSre  informelle  quelques 
sujets  non  abordes  preuant  la  sene  de 
conferences  et  qui  seraient  d’lnterst  pour 
les  auditeurs.  Ces  sujets  pourraient  etre 
choisis  parmi  les  suivants 

-  technologie  des  jets  de  moteurs  A 
propergol  solide; 

-  proprietes  thermodynamiques  des 
propergols  sol  ides; 

-  combustion  des  combustibles  sol  ides  et 
des  semi -propergol 8  dans  les  statof usees; 

-  calcul  do  1 ’evolution  de  surface  en 
combustion  d’un  chargement  de  propergol;, 

-  comparaison  de  la  combustion  des 
propergols  pour  moteurs-f usees  et  des 
poudres  A  canon; 

-  effets  du  viei 1 1 issement  sur  les 
proprietes  de  combustion,  etc... 

Pendant  la  table  ronde,  les  conferenciers 
traiteront  plus  en  detail  les  sujets, 
presentes  durant  leur(8)  conference(s) ,  que 
les  auditeurs  voudraient  voir  approfondir. 
Ensemble,  nous  tenterons  egalement  de 
mettre  en  evidence  les  domaines  oCi  les 
connaissances  ne  sont  pas  A  un  niveau 
suffisant  pour  satisfaire  les  besoins  de 
prevision  du  fonctionnement,  des 
performances,  de  securite  et  de  fiabilite 
des  moteurs  A  propergols  solide. 
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RESUME 

La  conception  et  la  maltrise  du 
fonctionnement  d’un  moteur  A  propergol 
soHde  A  haute  performance  implique  une 
connaissance  approfondie  et  1 'Elaboration 
de  modAles  prAcis  de  nombreux  phAnomAnes 
physiques  :•  combustion,  interaction  de 
I’Acoulement  interne  avec  la  combustion, 
instabi 1 itAs,  formation  du  jet...  dans 
lesquels  les  caractArist (ques  de  combustion 
du  propergol  jouent  un  rOle  important. 

L’amAl ioration  de  ces  modAles  et  les 
connaissances  d'origine  expAnmentale  de 
nombreuses  anomalies  balistiques  permettent 
aujourd’hui  au  concepteur  d'un  nouveau 
moteur  de  prAdire  ses  performances  avec  une 
prAcision  de  I’ordre  de  quelques  pour-cent. 
Les  principales  difficultAs  rencontrAes 
sont  toujours  liAes  A  la  disponibi 1 itA  d'un 
propergol  ayant  de  "bonnes 
caractAnstiques"  de  cinAtique  de 
combustion. 

L' imprecision  des  prAvisions  balistiques  et 
les  vanabilitAs  balistiques  sont 
pnncipalement  liAes  A  1' influence  du 
procAdA  de  fabrication  du  chargement  de 
propergol  sur  ses  caractAnstiques 
cinAtiques. 

L’existence  et  1' importance  des 
instabilitAs  de  combustion  particul iArement 
dans  la  propulsion  des  missiles  tactiques 
avec  des  propergols  discrete  est 
probablement  encore  aujourd'hui  le  plus 
grand  risque  rencontrA  lors  du 
dAveloppement  d'un  nouveau  moteur. 

Dans  I'avenir,  1 'accent  mis  sur  la 
reduction  de  la  vulnArabi 1 itA  et  la 
recherche  de  propergols  discrete  A  haute 
Anergie  induiront  de  nouveaux  efforts  de 
recherche  sur  les  caractAristiques  de 
combustion  des  propergols  et  le 
dAveloppement  de  nouvelles  architectures  de 
moteurs  sans  tuyAre,  hypervAloces,,  A 
impulsion  multiple. . .nAcessitera  du 
nouveaux  efforts  de  modAlisation  et, 
d'essais. 

1.  INTRODUCTION 

Dans  cette  confArence,  nous  avons  tentA 
d'aborder  les  problAmes  de  combustion 
associAs  au  fonctionnement  des  propulseurs 
selon  le  point  de  vue  de  I'ingAnieur  et  du 
praticien..  Nos  collAgues  prAsenteront 
certainement  des  approches  plus  rigoureuses 
et  plus  fondamentales  de  chacun  des 
phAnomAnes  AvoquAs. 

D'autre  part,  I'Atat  de  I'art  que  nous 
dAcrivons  est  bien  entendu  largement  liA  A 
une  expArience  personnel le  dans  1 'organisms 
et  le  pays  dans  lequel  nous  travaillons. 
Dans  ces  conditions,  et  Agalerr.ent  comote 
tenu  des  questions  de  confidential itA,  il 
est  certain  que  cette  description  pourra 
apparattre,  sur  certains  points,  incomplAte 
pour  certains  lecteurs  ou  auditeurs  trAs 
informAs.  Les  discussions  pourront 
d'ailleurs  Atre  I'occasion  d'enrichir  le 
sujet  avec  la  participation  de  I'auditoire. 


une  difficultA  consistait  A  corner 
I'Atendue  exacts  du  sujet.  Nous  nous  sommes 
inspirAs  pour  cela  du  contenu  de  I'ouvrage 
de  Kuo  et  Summerfield  ( 1 )  et  retenu 
essentiel lement  de  traiter  les 
caractAristiques  de  combustion  intnnsAques 
des  propergols,  leur  modification 
Aventuelle  selon  1 'architecture  et  le 
procAdA  de  rAalisation  du  chargement,  la 
combustion  Arosive  mais  pas  ou  peu 
1 'aArodynamique  interne  qui  connait 
actuellement  d'lmmenses  dAveloppements  mais 
ne  relAve  pas  directement  des  phAnomAnes  de 
combustion,  d' instabi 1 itA,  et  complAtA 
cette  presentation  par  I'examen  des 
caractAristiques  de  combustion  liAes  A 
cartaines  gAomAtnes  ou  caractAnstiques 
particul 1  Ares  de  chargements. 

2.  FONCTIONNEMENT  DES  MOTEURS  A  PROPERGOL 
SOLIOE 


La  combustion  d’un  propergol  solide  est 
caractArisAe  par  la  fapon  dont  la  surface 
du  chargement  rAgresse  lorsqu'il  brOle.  La 
Vitesse  de  combustion  est  la  distance 
parcourue  par  le  front  de  flamme  par  unitA 
de  temps,  mesurAe  dans  une  direction 
normale  A  la  surface  de  combustion.  II  est 
admis  que  ce  front  est  rAgulier  et  qu’il 
progresse  dans  la  plupart  des  cas  dans  une 
direction  normale  A  lui-mAme  (combustion 
par  couches  parallAles).  Ceci  a  AtA  vArifiA 
expAnmentalement,  par  example  en  procAdant 
A  des  extinctions  A  diffArentes  phases  d’un 
tir  et  en  examinant  la  surface  obtenue. 


Le  fonctionnement  d’un  moteur  typique 
(fig.1)  correspond  A  I’AgalitA  des  dAbits 
gazeux  issus  de  la  combustion  du  propergol 
d’une  part  et  du  dAbit  AjectA  par  la  tuyAre 
d’autre  part.  La  Vitesse  de  combustion  et 
la  pression  interne  ou  pression  de  chambre 
Pc  sont  alors  reliAs  par 


Pc 


'-.h  At 


ou  3  est  I’aire  de  la  surface  en 
combustion,  A?  I’aire  du  col  de  la  tuyAre 
et  Co  le  coefficient  de  dAbit  de  la  tuyAre. 


LB  paramAtre  K  = '5//\|appel A  serrage  est  un 
paramAtre  important  pour  caractAriser  le 
fonctionnement  interne  du  moteur. 


La  Vitesse  de  combustion  du  propergol  est 
une  function  de  la  pression 

V  =  f(p) 

Dans  un  intervallo  do  pression,  elle  peut 
souvent  Atre  reprAsentAe  par  une  loi  (loi 
de  Saint-Robert)  du  type  :• 


V 


ap" 


de  sorte  que  -i' 

pn-1  =  ^ 

ce  qui  montre  que  dAs  que  I'Avolution  de 
surface  est  connue  I’Avolution  de  la 
pression  est  dAterminAe.  Oes  codes  bi  et 
tn  .imensionnels  ont  AtA  dAveloppAs  pour 
calculer  cette  Evolution  gAomAtrique. 
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Certains  codes  peuvent  prendre  en  compte 
one  Vitesse  de  combustion  variable  en 
fonction  du  temps  et  de  I’espace,  ce  qui 
permet  de  tenir  compte  d’anomalies 
balistiques  qui  seront  d6crites 
u1t6rieurement  (2). 

L’effet  de  la  temperature  sur  la  vitesse 
de  coinbustion  ct  done  sur  les  lois  de 
pression  et  de  poussee  est  caract6rise  par 
deux  coefficients  : 

caractense  la  sensibilite  du 
’  (K  constant), 

YTp  It caractense  la  sensibilite  du 
^  P'"opei"gol  (p  constant) 


II  est  facile  de  d6montrer  la  relation  :• 


TT, 


I  -u 


entre  les  coefficents  de  temperature.  On 
constate  qu'un  exposant  61eve  a  des 
consequences  nefastes  car  les 
specifications  de  propulsion  imposent 
generalement  des  variations  reduites  de  i<. 
duree  de  combustion  du  moteur. 

Nous  verrons  ulteneurement  que  des 
exposants  eieves  conduisent  6galement  e  des 
valeurs  eievees  de  la  reponse  acoustique  du 
propergol  qui  aggraveront  la  sensibilite  du 
moteur  I'utilisant  aux  instabilites  de 
combustion. 

II  n’est  done  pas  etonnant  que  I’ingenieur 
charge  de  la  conception  du  moteur  souhaite 
disposer  d’exposants  de  pression  les  plus 
fatbles  possibles  et  que  le  formulateur 
demands  aux  ctiercheurs  sur  les  mecanismes 
de  combustion  de  1 'aider  dans  cette  tache. 

3.  LES  FAMILIES  DE  PROPERGOLS  SOLIDES  ET 
LEUR  CARACTERISTIQUES  DE  COMBUSTION 

3.1  Les  propergol 8 

Six  families  de  propergols  sont  aujourd’hui 
pnncipalement  utilisees  Industrie!  lement. 
Elies  sont  deentes  en  detail  dans  des 
ouvrages  specialises  (3)  :• 

-  Les  propergols  double  case  extrudes  ou  SD 
(sans  dissolvant)  en  frangais  dont  les 
principaux  ingredients  sont  la 
nitrocellulose  et  la  nitroglycerine. 

Apres  impregnation  de  la  nitrocel luloses 
par  la  nitroglycerine,  generalement  dans 
I’eau,  qui  conduit  a  une  pSte  ou  galette,, 
la  composition  est  eiaboree  par  malaxage 
avec  des  additifs,  laminage  et  extrusion 
sous  forme  de  bloc.  Les  precedes  modernes 
utilisent  I'extrusion  continue  avec  des 
machines  bivis. 

-  Les  propergols  double  base  mouies 
(Epictete  en  frangais)  ont  des 
compositions  analogues  mais  sont  prepares 
par  geiatinisation  d’une  poudre  A  mouler 
a  base  de  nitrocellulose  et  (.untenant  les 
additifs  prealablement  prepares  par  un 
melange  riche  en  nitroglycerine. 

Les  propergols  SO  et  Epictete  sont 
souvent  appeies  homogenes  car  les  espAces 
oxydantes  et  reductrices  sont  contenues 
dans  la  mAme  molecule. 


-  Les  propergols  double  base  peuvent  §tre 
charges  avec  des  charges  energetiques 
tel les  que  I'hexogAne  ou  I’octogene  (en 
frangais  Nitramites)  ou  d’autres  charges 
energetiques  tel les  que  perchlorate 
d’ammonium  (PA)  ou  aluminium.  Ce  sont  des 
double  base  composites. 

-  Les  propergols  du  type  double  base  moulds 
peuvent  6tre  modifies  par  reticulation  de 
la  nitrocellulose,-  eventual  lement 
conjugude  avec  un  polymdre  hydroxyl d 
polyester  ou  polycaprolactone. 

Ces  quatre  families  peuvent  6tre  chargdes 
avec  des  sol  ides  energetiques; 
aujourd'hui  pratiquement  seulement  des 
charges  de  type  CHON  sont  utilisdes  ce 
qui  leur  confers  des  caractdnstiques  de 
discretion,,  ou  de  "fumde  minimum"  du  fait 
que  les  espAces  condensdes  dans  les 
produits  djeetds  sont  en  concentration 
faible  dans  la  plupart  des  conditions 
atmosphdriques  rencontrAes. 

-  Les  propergols  composites  sont  basds  sur 
un  liant  non  dnergetique,  gendralement 
hydrocarbond  (typiquement  de  type 
polybutadiAne)  et  sur  le  perchlorate 
d’ammonium  auquels  sont  dventuel lement 
ajoutds  une  poudre  d'aluminium  et 
dventuel lement  des  ingredients 
energetiques  tels  que  I’hexogAne  ou 
I’octogAne.  Ils  sont  fabriquds  par 
malaxage  des  charges  avec  les  ingredients 
liquides  du  liant,  coulde  ou  injection  et 
cuisson.  Les  propergols  sans  aluminium 
sont  A  "fumde  rdduite'  :■  il  n’y  a 
formation  de  fumde  que  dans  certaines 
conditions  d’humiditd  et  de  temperature 
ambiante  qui  permettent  la  condensation 
de  I'eau  avec  le  gaz  chlorhydrique 
resultant  de  la  combustion  du 
perchlorate. 

-  Les  propergols  A  haute  dnergie  sont  des 
composites  bases  sur  un  liant  dnergdtique 
gendralement  plastifid  par  un  ester 
nitrique  ou  un  mdlange  d’esters 
nitnques.  Les  charges  sont  en  gdndral 
tout  ou  partie  des  suivantes  :•  hexogdne, 
octogAne,  PA,  aluminium  confdrant  suivant 
le  cas  des  caractdristiques 

d’ indiscretion  totals,  de  fumdes  rdduites 
ou  de  fumdes  minimales. 

A  c6te  de  ces  principaux  composants,  les 
compositions  de  ces  propergols  peuvent 
contenir  divers  ingredients  A  faible  taux 
tels  que  :  stabi 1 i sants ,  catalyseurs 
balistiques,  additifs  anti  instabi  1  itds,, 
suppresseur  de  post-combustion,,  etc... 

Les  termes  de  "fumde  rdduite"  ou  de  "fumde 
minimale"  employes  prdeedemment  ne  sont 
dvidemment  pas  suffi sants  pour  permettre  de 
classer  ou  de  comparer  des  propergols  entre 
eux  et  vis-A-vis  des  applications.,  Un 
groups  de  travail  de  I’AGARD  (4)  a  dlabord 
une  mdthode  afin  de  permettre  des 
comparaisons  entre  des  propergols  dlabords 
dans  diffdrents  organismes  et  diffdrents 
pays.  L'idde  de  base  de  la  mdthode  est  de 
caraetdnser  le  niveau  de  fumde  primaire  et 
secondaire  de  tout  propergol.  Pour  ne  pas 
ddpendre  des  moyens  de  mesure  de  la 
transmission  optique  dans  le  jet  et  des 
rdsultats  absolus,  la  classification 
proposes  repose  sur  la  comparaison  A  deux 
propergols  de  rdfdrence  et  le  classement 
sera  base  sur  des  sanctions  du  type  "plus 
que"  ou  "moins  que". 
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3.2  Caract^ristiques  de  combustion 

La  limitation  des  vitesses  de  combustion 
disponibles  pour  un  projet  donn6  est  I’une 
des  grandes  frustrations  des  concepteurs  de 
moteurs . 

En  pratique  ces  vitesses  sont  d6termin6es  4 
diverses  temperatures  avec  des  petits 
moteurs  standard  d’evaluation  balistique. 

Ils  utilisent,  autant  que  possible,-  des 
chargements  conduisant  k  des  courbes  de 
pression  plates  et  des  fins  de  combustion 
sans  r6siduel  pour  permettre  des  mesures 
precises. 

Des  methodes  plus  efficaces  economiquement 
sont  de  plus  en  plus  utilisees.  Elies 
permettent  d’obtenir  v  =  f(P)  sur  tout  un 
domains  de  pression  k  I'aide  de  dispositifs 
e  serrage  variable  au  cours  du  tir.  La 
Vitesse  de  regression  du  propergol  peut 
m6me  6tre  mesuree  directement  par  ultrasons 
k  parti r  d’une  mesure  instantanee  de 
I’epaisseur  du  propergol  inbrul6e  (5). 

PROPERGOLS  SD 

La  figure  2  montre  des  courbes  vitesse- 
pression  typiques  d’un  propergol  double 
base  SD.  Outre  1 'uti 1 isation  de 
modif icateurs  balistiques,  des  noirs  de 
carbone  sont  souvent  incorpores  car  ils  ont 
une  efficacite  importante  pour  regler  la 
Vitesse  de  base  de  la  composition  s’lls 
sont  associ6s  aux  modifioateurs  balistiques 
Cseuls  ils  sont  sans  effet).  Le  taux  de 
noir  de  carbone  est  souvent  utilise 
1 ndustr lel lement  comme  parametre  de  reglage 
pour  reajuster  la  vitesse  de  combustion 
lors  de  changements  de  lots  de  matieres 
premieres . 

Les  autres  parametres  influents  de  la 
composition  sont  bien  entendu  le  taux  et  la 
granulometrie  des  catalyseurs  balistiques. 
Meme  SI  des  specifications  etroites 
relatives  k  la  granulometrie  ct  la  surface 
specifique  des  catalyseurs  existent,  il  est 
souvent  n6cessaire  lors  d’un  changement  de 
lot  de  ces  ingredients  critiques  de 
proceder  k  une  nouvelle  qualification  de 
I'asortiment  de  matieres  premieres  e 
utiliser  en  production  pa  des  fabrications 
et  des  tirs  de  blocs  standard  en  faisant 
vaner  un  parametre  de  reglage.  Lorsque  les 
specifications  balistiques  sont 
particul lerement  pointues,  il  peut  §tre 
necessaire  d’aller  jusqu'au  tir  de 
verification  d’un  moteur  t6moin  avant  de 
lancer  la  production., 

Les  parametres  du  precede  ont  egalement  une 
influence  importante  sur  le  niveau  de 
Vitesse  et  sur  le  coefficient  de 
temperature,  dans  la  mesure  oCi  ils  agissent 
sur  1 ’homogeneite  de  la  dispersion  des 
catalyseurs  et  sur  I’etat  de  geiatinisation 
des  propergols.  On  peut  ainsi  observer  une 
nette  influence  du  temps  et  de  la 
temperature  de  laminage  sur  la  diminution 
de  I’exposant  de  pression  et  1 ’apparition 
du  plateau. 

Propergols  double  base  mouies 

Les  mof icateurs  balistiques  utilises  sont 
analogues,  par  centre  1’ influence  ou 
precede  passe  par  un  m6canisme  different  ; 
le  parametre  le  plus  influent  est  celui  de 
la  geiatinisation  de  la  poudre  k  mouler 
lors  de  son  elaboration  en  fonction  du  taux 


et  de  la  nature  du  solvent  utilise.  Le 
solvent  de  moulage  utilise  pour 
1 ’elaboration  du  propergol  aura  plus  ou 
moins  de  facilite  k  dissoudre  le  grain  de 
poudre  e  mouler  selor,  la  fagon  dont  il  a 
ete  prepare  et  ce1a  a  de  grandes 
consequences  sur  les  caracteristiques  du 
propergol  obtenu  k  composition  finale 
1 dent 1 que. 

Le  reglage  industrial  passe  done 
g6neralement  par  la  realisation  de  lots 
temoins  ou  partiels  de  poudre  k  mouler  k 
partir  desquels  sont  realises  des  blocs 
standard  qui  sont  ensuite  tires.  A  partir 
de  melanges  de  ces  partiels,  on  pourra 
alors  r6aliser  un  lot  de  poudre  k  mouler 
qui  sera  k  nouveau  teste.  Un  lot  de  base 
pour  la  production  industrial le  pourra 
alors  etre  constitue.  On  congoit  que  ceci 
entraine  des  cycles  extr6mement  longs  pour 
le  reglage  et  la  production  de  ces 
propergols  et  des  couts  eievds.  Il  n’a 
malheureusement  pas  6t6  possible  d’etabl’r 
des  abaques  permettant  k  coup  sur  d’obtenir 
les  bonnes  caracteristiques  balistiques  k 
partir  de  partiels  de  caracteristiques 
connues. 

Une  autre  particulantd  de  ces  propergols 
est  la  possibilite  de  meianger  des  poudres 
k  mouler  de  caracteristiques  volontai rement 
differentes  ce  qui  permet  une  adaptation 
des  caracteristiques  cinetiques  et 
balistiques.  Ceci  est  en  particul ler 
realise  pour  1 ’ incorporation  d’additifs 
antilueurs  ( suppresseurs  de  la  post 
combustion).  Ceux-oi,  gen6ralement  des  sels 
de  potassium,  s’ ils  sont  incorpores 
directement,  interferent  avec  les 
mecanisraes  de  platonisation  par  les 
roodif icateurs  balistiques.  Par  centre,  un 
melange  de  certaines  proportions  de  poudres 
k  mouler,  I’une  contenant  seulement  les 
additifs  balistiques,  1 ’autre  seulement 
1 ’agent  antilueur,  permet  de  conserver  les 
caracteristiques  cin6tiques  initiales.  Il 
est  meme  possible  d’aller  plus  loin  et 
d’ iticorporer  une  troisieme  poudre  k  mouler 
ne  comportant  ni  additif  balistique,  ni 
additif  antilueur,  sans  que  les  bonnes 
caracteristiques  cinetiques  soient 
modifiees  alors  que  bien  entendu  la 
discretion  et  l’6nergie  disponible  sont 
augmentees.  Ses  proportions  peuvent  m6me 
etre  utilisees  comme  parametre  de  reglage 
du  second  ordre  pour  ajuster 
Industrie! lement  la  vitesse  de  combustion. 

Propergols  composites 

La  vitesse  de  combustion  des  propergols 
composites  au  perchlorate  d’ammonium  est 
essentiellement  contrOiee  par  la 
granulometrie  de  celui-ci,  les  plus  fines 
conduisant  aux  vitesses  les  plus  eievees. 
Elle  croit  aussi  avec  le  taux  de  PA.  Un 
grand  nombre  de  vari6t6s  granulometnques 
sont  done  utilisees  industrial lement  pour 
ajuster  la  vitesse  des  vari6t6s  de 
granulometrie  moyenr.e  400,  200,  100,  10,  3 
et  1  micron  sont  gen6ra1ement  uti1is6es. 

La  vitesse  peut  Stre  egalement  modifies  e 
t'aide  de  catalyseurs  de  combustion,  Le 
chromite  de  cuivre  et  1’oxyde  ferrique  sont 
utilises  depuis  longtemps.  Pour  acceder  k 
des  vitesses  plus  eievees,  il  est 
necessaire  de  pouvoir  introduire  1 'element 
actif  en  concentration  plus  eievee  et  sous 
une  forme  plus  active.  Des  derives  liquides 
du  fer  ont  done  6te  mis  au  point  (derives 
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ferroc6mques ) .  Ils  sent  incorpor^s  au 
liant.  L ’ uti 1 1 sation  simultan6e  de 
perchlorates  ultrafins  conduit  aux 
formulations  aux  vitesses  les  plus  61ev6es 
dans  la  pratique  industriel le.  Le  fait  que 
les  plastifiants  ferroc6niques  peuvent 
migrer  pendant  le  viei 1 1 issement  du 
propergol  a  conduit  t  la  mise  au  point  de 
pr6polym6res  ferroc6niques  qui  participent 
au  r6seau  r6ticul6  du  liant  (6)  Les 
catalyseurs  les  plus  efficaces  sont 
probablement  les  d6riv6s  organiques  du  bore 
(d6caborane  et  d6riv6s)  mais  il  ne  semble 
pas  qu’il  y  ait  eu  de  -dSv^loppement 
industriel  consequent  de  ces  composes  k  la 
synthfese  difficile  et  oneruse.-  De  nouveaux 
oxydes  de  fer  ultrafins  sont  aujourd’hui 
developps  pour  concurrencer  les  derives 
ferroceniques  mais  ceux-ci  gardent  a  prion 
deux  avantages  :  ils  modifient  peu  la 
viscosite  des  petes  de  propergols  et  les 
variations  de  vitesse  de  lot  k  lot  sont 
plus  faoiles  k  maitriser  qu'avec  un 
catalyseur  solide  pour  lequel  la  surface 
specifique  est  un  parametre  important. 

Les  exposants  de  pression  sont  generalement 
degrades  par  1 'uti 1 isation  de  perchlorates 
fins,  en  particulier  au-dessus  de  200  bars. 
Les  catalyseurs  de  combustion  permettent 
souvent  une  amelioration. 

L' influence  de  la  presence  d'aluminium  dans 
la  composition  est  generalement  due 
deuxieme  ordre,-  sauf  dans  le  cas  ou  le 
propergol  est  soumis  k  des  accelerations 
eievees. 

Industrial  lament,  il  est  souvent  necessaire 
de  proceder  k  un  nouveau  reglage  de  la 
Vitesse  de  combusiton  lorsqu'il  y  a 
changement  de  lot  des  ingredients  les  plus 
actifs  (particul leremeit  PA  et  catalyseur). 
Il  est  possible  d’agir  sur  la  proportion 
des  diverses  granulometries  et  sur  le  taux 
de  catalyseur,  s’il  y  en  a  (cette  derniere 
methode  est  generalement  recommandee) .  Meme 
aveo  les  memos  matieres  premieres  des 
variations  du  procede  de  fabrication 
peuvent  influencer  la  vitesse,  par  example 
le  temps  d  malaxage  (broyage  du  PA  de 
granulometi re  eievee).  Nous  verrons  plus 
loin  que  le  procede  de  coulee  peut 
6galement  la  modifier. 

La  figure  3  resume  les  plages  de  vitesse  de 
combustion  des  principales  families  de 
propergols  industrials. 

Coefficient  de  temperature 

Grace  aux  effets  plateau  ou  mesa,  les 
propergols  double  base  peuvent  conduire  k 
des  coefficients  de  temperature  tres 
faibles.  Ceci  est  generalement  d’autant 
plus  difficile  k  obtenir  que  I'energie  (le 
potentiel )  du  propergol  est  61evee. 

Les  valeurs  deTTp,  pour  les  composites  du 
PA  sont  generalement  de  1 'ordre  de  0,2)iC 
C-'  . 

Autres  propergols  :•  nous  nous  bornerons  k 
•lueiques  indications. 

L’ introduction  d’une  nitraraine  dans  les 
propergols  double  base  conduit  generalement 
k  une  reduction  du  niveau  de  vitesse.  Pour 
des  taux  de  charges  limites  (quelques 
dizaines  de  pour-cent)  la  cmetique  de 
combustion  du  propergol  est  cependant 
raodifiee  (fig.  4).  Pour  des  taux  eieves 


(propergols  k  haute  energie),  elle  est 
fortement  modifies,  le  mecanisme  de 
decomposition  de  la  mtramine  I’emportant. 
Ceci  est  egalement  vrai  pour  les  composites 
k  base  de  nitramines  (7). 

4.  INFIUENCE  DES  ECOULEHENTS  INTERNES  SUR 
LA  VITESSE  DE  COMBUSTION 

Les  produtts  de  combustion  du  propergol 
interagissent  avec  sa  combustion  et  peuvent 
modifier  la  loi  de  combustion. 

Dans  les  tout  premiers  calculs  balistiques 
des  performances  d'un  moteur,  il  est 
souvent  suppose  que  la  vitese  des  gaz  de 
combustion  est  negligeable  et  que 
I’ecouleraent  ne  s’acceiere  qu’A  1 'entree  du 
convergent  de  la  tuyere  pour  atteindre  la 
vitesse  du  son  locale  au  col.  Selon  la 
geometric  du  chargement  on  peut  cependant 
calculer  des  vitesses  de  1 'ordre  de  100  4 
150m/s  dans  le  plan  de  sortie  du  canal 
central  apres  ellumage  et  pressurisation  du 
moteur.  Deux  types  de  phenomdnes 
caract6ristiques  sont  rencontres  ■■ 

-  une  perte  de  charge  et  un  gradient  de 
pression  entre  I'avant  et  I'arriere  du 
canal  central  ,• 

-  une  augmentation  Icoale  de  la  vitesse  de 
combustion  due  k  la  combustion  erosive. 

Le  moment  le  plus  critique  dans  le 
fonctionnement  d’un  propulseur  intervient 
done  juste  apres  I’allumage,  elors  que 
1 'ensemble  est  pressurise  et  que  les 
sections  de  passage  par  lesqielles  les  gaz 
doivent  s’ecouler  sont  minimales  (fig.  5). 
Dans  certains  cas  des  differences  de 
pression  avant-arriere  de  plusieurs  MPa  ont 
ete  rencontrees. 

Au  stade  de  1 'avant -projet,  il  est 
necessaire  de  quantifier  de  fagon  rapide  et 
simple  I'lntensite  probable  des  effets 
d’6coulement  te  tableau  I  esume  les  ordres 
de  grandeur  des  prmcipaux  parametres 
influents  :•  Kp  et  J  et  es  effets 
correspondants  observes  ;■ 

J  =  — P  ou  Kp  est  le  serrage 

K 

local  dans  une  section  consideree  du  canal  :■ 
rapport  de  cette  section  k  I’aire  de  la 
surface  de  combustion  en  ainont  de  celle-ci. 

Kp  est  lie  au  debit  masse  umtaire  G  :• 

G  =  ^  V  Kp 

J  donne  une  id6e  de  la  vitesse  maximale 
des  gaz  (on  a  approximativement  J:M,  nombre 
de  Mach,  dans  la  section  de  sortie  du 
canal)  et  des  difficultes  de  balistique 
inteneure  susceptibles  d'etre  rencontrees. 

Des  valeurs  eievees  de  J  et  meme  J=1 
(moteur  sans  tuyere)  peuvent  6tre  uti li sees 
si  la  geometrie  du  bioc  est  adaptee  k 

-  des  gradients  de  pression  eieves-,; 

-  une  combustion  erosive  61evee;, 

-  une  phase  d’allumage  delicate. 

Combustion  erosive  ;■  1  ’ augmentation  locale 
de  la  vitesse  de  combustion  due  k 
I’ecoulement  tangent  4  la  surface  du 
propergol  par  rapport  4  la  vitesse  mesuree 
sans  ecouleme,it  important  est  appeiee 
combustion  erosive.  La  valeur  de  Kp  du 


chargement  donne  une  id6e  du  nsgue  de 
combustion  Erosive.  Ce  ph6nom6ne  est  du  d 
un  accroissement  des  transforts  de  chaleur 
de  la  zone  de  flamme  h  la  surface  de 
propergol.  De  nombreux  modules  physiques 
ont  61abor6s  pour  repr6senter  et 
quantifier  le  ph6non6ne  (8)  (9). 

Les  modules  monodimensionnels  sont 
g^n^ralement  assez  bien  adaptds  pour  le 
calcul  de  la  balistique  interne  de 
chargements  tactiques  ayant  des  L/D  41ev4s 
avec  une  section  de  canal  central  peu  ou 
lentement  variable  suivant  I'axe.  La 
precision  de  ces  modules  (environ  5X  sur  la 
pointe  de  pression  8  I'allumage)  permet  de 
definir  des  chargements  avec  des  J  61ev8s 
et  une  combustion  6rosive  importante  dans 
la  partie  a-i6re  du  canal.  Lea  modeies  bi 
et  surtout  tridimensionnels  incluant  la 
combustion  Erosive  sont  beaucoup  moms  au 
point  et  d’une  utilisation  difficile. 

Des  modules  predictifs  satisfaisants 
existent  aujourd’hui  pour  les  propergols 
composites  mais  ils  manquent  encore 
relativement  pour  les  propergols  contenant 
des  nitrammes  qui  paraissent  nettement 
moins  sensibles  k  la  combustion  Erosive. 

La  combustion  erosive  est  souvent 
rencontres  dans  les  moteurs  tactiques  en 
raison  de  leur  eiancement  et  de 
coefficients  de  remplissage  Sieves.  Elle 
est  souvent  considerSo  comma  un  problems  ou 
une  contrainte  du  dimensionnement. 
Reciproquement,  il  y  a  de  plus  en  plus  de 
cas  oCj  la  combustion  erosive  est  utilisSe 
dans  le  dimensionnement  pour  mieux 
satisfaire  les  specif ictions  de  propulsion., 
6n  general  de  fortes  poucsees  initiales 
sont  recherchees  et  la  combustion  erosive 
peut  fournir  le  supplement  de  poussee  que 
la  surface  initials  ne  peut  fournir  k  elle 
seule. 

5.  PREVISION  DES  CARACTERISTIQUES 
BALISTIQUES,  ANOMALIES  ET  DISPERSIONS 
BALISTigUES 

Les  caracteristiques  cinetiques  mesurees 
lors  de  tirs  de  petits  propulseurs  standard 
doivent  souvent  etre  corrigees  de  quelques 
pour-cent  lors  d’un  changement  d’echelle  du 
moteur.  Le  procede  de  fabrication  et  ses 
variations  peuvent  egalement  avoir  une 
certaine  influence  sur  les  caracteristiques 
de  combustion  du  propergol .  Ces  facteurs 
doivent  etre  pris  en  compte  pour  une  bonne 
prevision  des  caracteristiques  balistiques 
d’un  moteur. 

L'erreur  possible  sur  la  loi  de  vitesse  de 
combustion  reelle  du  propergol  dans  le 
calcul  balistique  d’un  nouveau  chargement 
est  probablement  le  facteur  qui  a  le  plus 
d’ influence  sur  la  prevision  de  la  loi  de 
pression  ou  de  poussee  du  moteur  qui 
1 ’utilise.  L’experience  prealable  accumuiee 
lors  du  dAveloppement  de  moteurs  de 
configurations  variees  est  importante  pour 
recaler  les  previsions  si  bien  que  les 
donnees  correspondantes  sont  souvent 
gardees  conf identiel les  par  les  societes 
qui  developpsnt  de  nouveaux  motsurs. 

Nous  examinerons  k  present  trois  types 
d’anomalies  balistiques  susceptibles  de 
modifier  la  prevision  issue  d’un  calcul 
"naif  et  souvent  rencontrAes  dans  la 
pratique. 


Effet  de  bord  -  Celut-ci  peut  6tre 
particul ierment  mis  en  evidence  lors  du  tir 
de  blocs  pleins  en  combustion  frontale  dans 
lesquels  apparait  une  progressivite 
inattendue  de  la  pression  au  cours  du  tir. 
Oes  extinctions  an  cours  de  tir  font 
apparaitre  une  augmentation  de  la  surface 
de  combustion  qui  s’explique  tres  bien  par 
un  accroissement  de  la  vitesse  de 
combustion  au  voisinage  de  I’lnhibiteur 
entrainant  une  formation  progressive  de 
cbne. 

Cette  modification  locale  de  la  vitesse 
peut  avoir  de  trbs  nombreuses  causes, 
certaines  sp8cifiques  aux  blocs  brulant  en 
combustion  frontale,  d’autres  qui  peuvent 
se  retrouver  dans  tous  les  types  de 
chargements. 

Les  principales  causes  peuvent  Atre  les 
suivantes 

-  plus  fo'‘te  concentration  de  particules 
fines  au  voisinage  de  1’ interface 
(perchlorate  fin,  catalyseurs 
balistiques,  etc....); 

-  migration  d’ ingredients  liquides  du 
propergol  dans  la  protection  thermique  et 
modification  locale  de  la  composition 
augmentation  locale  du  taux  de  charges 
solides  dans  les  composites,  migration  de 
1 ’ester  nitrique  dans  les  propergols  A 
double  base; 

-  Achauffement  du  propergol  par  conduction 
des  materiaux  au  voisinage  de  1’ interface 
lorsqu’il  exists  des  interstices 
alimentAs  par  les  gaz  de  combustion. 

Effet  Hump  ou  bosse  -  L’ analyse  des  courbes 
de  pression  et  de  poussAe  en  fonction  du 
temps  de  tirs  de  chargements  en  propergol 
composite  montre  que  le  procAdA  de 
fabrication  a  une  influence  sur  la 
cinAtique  de  combustion  de  propergols 
composites.  On  observe  par  example  que  les 
courbes  de  pression  de  blocs  standards  du 
contrSle  balistique  coulAs  k  oartir  du  mAme 
propergol  et  mis  en  forme  avec  noyau  en 
place  ou  par  noyautage  aprAs  coulAe 
prAsentent  des  diffArences 
caractAristiques.  On  observe  sur  la  figure 
6  que  la  courbe  relative  au  premier  type  de 
bloc  prAsente  une  bose  caractAristique  k 
mi-Apaisseur  brulAe.  on  observe  en  outre 
que  : 

-  k  mi-Apaisseur  la  vitesse  de  combustion 
est  toujours  supArieure  de  3  A  7X  pour 
les  blocs  mis  en  forme  avec  noyau  en 
place- 

-  1 ’amplitude  de  la  bosse  de  pression  n’est 
pas  fonction  de  la  vitesse  de  combustion 
de  la  composition.  Des  extinctions  ont 
par  ailleurs  montrA  que  la  surface  da 
combustion  est  dans  les  deux  cas  trAs 
proche  de  la  surface  thAonque  •;  il  faut 
dcnc  attribuer  cet  effet  A  une  variation 
do  la  vitesse  de  combustion  en  fonction 
de  I’Apaisseur  A  bruler. 

Certaines  explications  ont  AtA  avancAes 
(10).  A  la  coulAe  des  zones  enrichies  en 
liant  se  crAeraient  par  strates  au  contact 
du  noyau  et  de  la  structure  dans  le  cas  de 
la  mise  en  forme  noyau  en  place.  Les  zones 
enrichies  en  liant  brOlent  moins  vite,  ce 
qui  expliquerait  que  la  vitesse  de 
combustion  soit  fonction  de  I’Apaisseur 
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combustion  soit  fonction  de  I’fipaisseur 
brul6e,  a'lors  que  ces  strates  sont 
d^truites  au  noyautage.. 


trouvent  leur  source  dans  les  variations 
des  matibres  premieres  et  du  proc^dd  de 
abrication. 


Une  loi  de  type  Vj/Vo=f(e)  oCi  e  est 
I’^paisseur  k  bruler  peut  Stre  stabile 
expdrimentalement  et  utilisSe  dans  1es 
avant-projets. 

Influence  des  soil Icitations  m6caniaues  - 
Des  so1 1 icitations  m^caniques  apparaissent 
dans  les  chargements  mou16s-co1 16s  Tors  des 
cycles  thermiques  auxquels  est  sountis  1e 
missile  et  lors  de  la  mise  sous  pressic.i  du 
tir.  Dans  certaines  zones  de  chargements  en 
propergol  composite  soumises  k  des 
contraintes  internes  importantes,  une 
d6coh6sion  entre  les  charges  et  le  liant 
peut  apparaitre.  Le  propergol  acquiert 
alors  jne  porosit6  interne  et  devient 
compressible  et  la  vitesse  de  combustion 
est  modifi6e.  La  figure  7  illustre  cet 
effet  sur  un  brin  de  propergol  6tir6  puis 
inhib6  avec  un  mat6riau  de  raideur 
suffisante  pour  maintenir  1 'al longement. 

Dans  ces  condtions,  si  I'on  veut  dresser  un 
bilan  de  nos  capacit6s  pr6dictives  lors  de 
la  mise  au  point  d’un  nouveau  moteur,  nous 
sommes  tent6s,  compte  tenu  de  notre 
exp6rience,  de  faire  la  synth6se  suivante 
SI  I’on  caract6rise  par  example  I’erreur 
possible  sur  la  pr6vision  a  prion  de  la 
courbe  de  press  ion  d’un  nouveau  moteur,  il 
y  a  deux  cas  extr6m6s  en  1 'absence  de 
combustion  6rosive 

-  Soit  il  s’agit  d'un  propergol  d6j6  bien 
connu  et  d' architecture  de  chargement 
ainsi  que  d’associations  de  mat6riaux 
d’am6nagement  interne  6galement  bien 
connues  et  test6es  dans  des  dimensions 
analogues.  Dans  ce  cas,  l'6cart  entre 
p6vision  et  tir  peut  ne  pas  d6passer  2*. 

-  Soit  il  s'agit  d'une  architecture  tr6s 
nouvelle  et  d'assemblages  de  mat6riaux 
6galement  nouveaux.  Dans  ce  cas,  I'erreur 
de  pr6vision  peut  atteindre,  voir 
d6passer  SX. 

S’ll  y  a  de  la  combustion  6rosive,  il  peut 
s’y  ajouter  une  erreur  de  prevision  qui 
peut  atteindre  10  k  15%  de  la  valeur  de  la 
pointe  de  surpression  6rosive. 

11  faut  cependant  noter  que  d’autres  causes 
d’erreurs  ou  de  dispersions  balistiques  que 
nous  allons  examiner  k  present  peuvent 
intervenir.  Une  presontation  recente  (11) 
analyse  les  causes  et  I’ampleur  des 
dispersions  balistiques,  en  examinant 
1' influence  de  divers  parametres  sur  la 
variabilite  des  durees  de  combustion.  Les 
coefficients  de  variation  relatifs  k  la 
masse  de  propergol,  6  sa  densite,  au 
coefficient  de  debit,  k  I'aire  de  col  de 
tuyere  sont  relativement  faibles.  Les 
facteurs  prepond6rants  sont  : 

-  la  variabilite  de  la  surface  de 
combustion  (variations  de  geometrie  liees 
au  precede  de  fabrication  :•  desaxago  du 
noyau  par  example)  qui  peut  s’exprimer 
lors  de  la  prevision  d’un  premier  tir  par 
la  meconnaissance  de  la  surface  de 
combustion  exacts  (compte  tenu  des 
refroidissements,  deformations,  etc...) 
apres  cuisson  du  chargement; 

-  les  variabilites  sur  la  vitesse  de 
combustion  resile  du  propergol  qui 


e.  INSTABILITES  DE  COMBUSTION 


Le  phenombne  d’ instabi 1 it6  de  combustion 
peut  se  produire  lorsque  des  perturbations 
excitant  les  modes  acoustiques  de  la 
chambre  de  combustion,  Des  facteurs 
d’ampl if ication  ou  d’amortissement  vont 
intervenir  :•  Scoulement,  particules 
condensSes  dans  les  gaz,  tuybre,  etc... qui 
peuvent  conduire  k  une  aggravation  ou  une 
attenuation  du  phenomena.  Ce  phenomena  peut 
se  traduire  par  des  vibrations  de  pression 
et  une  augmentation  de  pression  moyenne 
qui,  dans  certains  cas,  peuvent  atteindre 
un  niveau  inacceptable. 

Pour  etablir  un  bilan  sur  le  risque 
d’appariticn  d’ instabi 1 it6s ,  une  procedure 
en  deux  etapes  est  g6n6ra1ement  employee 
'th6orie  1in6aire). 


La  pression  acoustique  dans  la  chambre  est 
repr6sont6e  par  : 


Po  z.  pression  moyenne 
P’-  :  pression  instantan6e  au  point  M 
1=  pulsation  du  mode  de  rang  i  et  de 
frequence  fi 

1=  forme  du  mode  spatial  de  rang  i 
1=  coefficient  d’amortissement  (  i  i  0) 
ou  d’ampl if ication  (  i  0)  du  mode  de  rang  i 


La  premiere  etape  consists  k  calculer  les 
modes  acoustiques  specifiques  de  la  cavite 
en  utilisant  g6n6ralement  des  methodes 
d’eiements  finis. 


La  deuxieme  etape  consists  k  calculer 
Ces  calculs  doivent  utiliser  des  elements 
deenvant  la  r6ponse  acoustique  du 
propergol,  1 ’effet  des  particules 
condensees,  etc... 

Selon  la  valeur  de  ,  somme  alg6brique  des 
coefficients  de  gam  ou  d’amortissement,  il 
est  possible  d’appr6cier  le  risque 
d’ instabi 1 ite.  Pour  un  mode  de  frequence 
fi,  une  valeur  de  i  sup6rieure  6  0,1  fi 
indique  une  tendance  significative  k  une 
instabi lite  de  combustion,  la  g6ometrie  du 
chargement  ou  le  propergol  doivent  §tre 
alors  modifies. 

Reponse  acoustique  du  propergol  -  Le 
facteur  de  gain  lie  A  la  r6ponse  acoustique 
du  propergol  est  souvent  calcuie  k  parti r 
de  roesures  au  propulseur  en  T.  D’autras 
techniques  utilisent  la  modulation 
p6riodique  forces  d’un  moteur  standard.  Ces 
dispositifs  sont  tres  limites  en  frequence. 
Des  modeies  de  la  reponse  ont  ete  eiabores, 
bases  sur  la  description  de  la  zone  de 
combustion.  Culick  (12)  a  propose 
1 ’expression  suivante  : 


Ti  A&  _ 

A  f  -6+A)  <-Ae> 


est  une  fonction  complexe  de  la  frequence 
est  I’exposant  de  pression  de  la  loi  Vcqp’i 
A  et  B  sont  des  constantes  issues  d'une 
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analyse  physico  chimique  (Energies 
d’activation,  temperature  de  surface...) 

Problfemes  pratioues  d* instabiJ ites  de 
combustion  et  remfedes  possibles 

Les  instabilites  acoustiques  sent 
g6neralement  olassees  en  deux  grandes 
categories  transverses  (radiales  et 
tangentiel les )  et  longitudinales. 

-  Les  instabilites  transverses  des  moteurs 
tactiques  en  raison  de  leurs  dimensions 
ont  des  frequences  eiev6es  (10000-50000 
Hz)  et  la  reponse  du  propergol  est  alors 
tres  difficile  e  mesurer.  Ces 
instabilites  sont  souvert  observ6es  avec 
des  propergols  non  alumin-ses  car  ces 
modes  sont  souvent  bien  amortis  lorsqu’il 
y  a  des  particules  condens6es  dans  les 
gaz.  Le  risque  d'appantion  de  ces 
instabilites  est  difficile  e  estimer  a 
prion  et  des  enteres  semi-empinques 
doivent  6tre  appliques. 

G6n6ralement  un  domaine  stable  pour  un 
propergol  donne  peut  etre  caracterise  par 
une  pression  de  chambre  et  le  rapport  de 
la  longueur  e  un  diametre  equivalent  du 
canal  central . 

Les  pnncipales  "recettes"  pour  agir  sur 
les  instabilites  transverses  consistent  e 
jouer  sur  ;• 

-des  changements  de  geom6trie  qui 
modi f lent  la  frequence  des  modes 
propres  de  la  cavite;: 

- un  changement  de  la  pression  moyenne 
pour  se  rapprocher  du  domaine  stable,; 

-  1 ' uti 1 1 sation  de  structures 
amorti ssantes  dans  la  cavite  :•  tige  de 
resonance,  barrieres,  etc...:; 

-addition  d'une  faible  quantite  de 
particules  refractaires  (carbure  de 
silicium,  de  zirconium,  alumine...) 
choisies  pour  fournir  1 'amortissement 
maximal  e  la  frequence  consideree. 
e'est  probablement  de  nos  jours  le 
precede  le  plus  couramment  utilise  car 
il  a  generalement  peu  d’ influence  sur 
la  loi  de  Vitesse  et  le  dimensionnement 
du  chargement. 

Nous  examinerons  i  present  des  exemples  de 
chacun  de  ces  precedes . 

G6ometrie 

Nugeyre  et  al  (13)  ont  presente  un  cas  de 
couplage  acousto-structural  dans  un 
chargement  libre  en  propergol  double  base 
chargee  en  hexog6ne.  Ce  couplage  provoquait 
1 ’explosion  du  moteur  e  I'allumage  e  -40" 
apres  rupture  de  I’opercule.  Au  prealable, 
des  essais  trAs  satisfaisants  avaient  lieu 
e  toutes  temperatures  sur  un  moteur  A  peu 
pres  identique  :  la  seule  difference  etait 
un  accroissement  de  1,4mm  du  diametre  de  la 
structure  et  du  bloc.  Aucunc  des  hypotheses 
habituelles  ne  pouvait  expliquer  la 
phenomena.  Un  calcul  des  modes  propres  de 
la  cavite  montra  que  la  frequence  du 
premier  mode  transverse  etait  extr§mememnt 
proche  d'un  mode  propre  longitudinal  du 
solide  (860  centre  856  Hz)  alors  que  le 
mOme  calcul  sur  la  premiere  definition 
conduisait  e  une  difference  nettement  plus 
importante.  II  fut  conjecture  que  le 


phenomene  resultait  de  la  rupture  mecanique 
du  propergol  vitreux  e  cette  temperature 
par  resonance  due  au  couplage  du  solide 
avec  les  vibrations  du  gaz  dans  la  cavite; 
prenomene  amorce  par  1 ' ebran lament  du  A  la 
rupture  de  I’opercule. 

Un  essai  montra  qu’un  changement  dans  les 
conditions  d’allumage  permettait  d’eviter 
1’ incident.  D’autres  essais  montrerent 
qu’un  changement  16ger  de  la  geopetne  de 
la  section  etoiiee  du  canal  central 
aboutisant  8  un  changement  des  frequences 
des  modes  propres  permettait  egalement  de 
resoudre  le  probl6me.  Les  deux  rembdes 
furent  finalement  appliques. 

Dans  un  autre  cas  oil,  compte  tenu  de 
l’6chelle,  des  essais  sur  moteur  reel 
etaient  egalement  possibles,  il  a  6te 
montre  que  parmi  tous  les  parambtres 
influents  possibles,  la  variation  de  ceux 
relatifs  b  la  geometrie  du  bloc  avait  le 
plus  d’effet.  En  particulier  une  section 
6toil6e  ayant  un  nombre  de  branches  impair 
etait  plus  favorable  pour  la  reduction  des 
instabilites  que  la  g6om6trie  en  ayant  un 
nombre  pair  ( 14) . 

Influence  de  la  pression 

L’ influence  de  la  pression  de 
fonctionnement  a  ete  systematiquement 
etudiee  de  fagon  empirique  dans  le  cas  de 
rhargements  de  propergol  double  base, 
particul ibrement  sensibles  aux  instabilites 
transverses.  Les  frequences  sont  liees  b  la 
gbometne  du  canal  central.  A  serrage 
constant,  pour  un  chargement  de  diametre 
donne  0,  il  exists  genbralement  une 
longueur  L  au-dessus  de  laquelle 
apparaissent  des  instabilites  (figure  8). 

On  peut  etablir  un  domaine  D,  L/D 
d’ instab! 1 ite  que  I’on  caracterise  par  la 
derive  de  pression  nominale;.  P/P.  On 
montie  egalement  que  les  pressions  jouent 
un  rile  important  :  absentes  b  pression 
eievbe,.  el  les  appaaissent  en  revanche  vers 
les  basses  pressions  qui  correspondent 
generalement  b  la  limite  infbrieure  de 
1’effet  plateau.  Il  et  possible  de  dbfinir 
une  pression  seuil  ou  un  serrage  seuil  au- 
delb  duquel  il  n’y  a  plus  d’ instabi 1 it6. 

Structures  amorti ssantes  (Rbsonateur 
d’Helmoltz,  tige  de  resonance).  La  tige  de 
resonance  est  le  dispositif  le  plus 
utilise.  Il  est  constitue  par  une  tige 
encastree  b  I’avant  du  propulseur  qui 
occupe  tout  ou  partie  de  la  longueur  du 
canal.  Les  sections  rectangulaires  ou 
cruciformes  de  ces  tiges  sont  les  plus 
efficaces  •  el les  empfichent  la  rotation  des 
gaz  et  suppriment  les  pics  de  pression, 
surtout  au  debut  du  tir.  Ce  type  de  rembde 
a  ete  applique  de  fagon  souvent  tr6s 
empirique  b  de  nombreux  chargements  de 
propergol  double  base.  Une  combinaison  de 
cette  technique  avec  1 ’amortissement  par 
particules  sol  ides  a  6t6  dbcrite  (15)  la 
tige  est  enrobbe  de  sulfate  de  potassium 
qui  joue  le  double  r61e  de  fournisseur  de 
potassium  susceptible  o’empecher  la  post¬ 
combustion  dans  1 ’atmosphere  des  gaz  de 
combustion  et  de  gbnerateur  de  particules 
sol  ides  dans  la  chambre  de  combustion. 

Amortissement  oar  particules  -  La  figure  9 
montre  1 ’evolution  des  instabilites  de 
combustion  pour  un  chargement  en  propergol 
SO  dans  1  equal  on  incorpore  un  taux 
croissant  d’un  additif  r6fractaire  dont  la 
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granulom6trie  a  6t6  choisie,  compte  tenu  de 
sa  d0nsit6  pour  avoir  I’effat 
d’amortissement  maximal  sur  le  mode 
acoustique  responsable  des  instabi 1 it6s. 

7.  NOUVELLES  COMPOSITIONS,  NOUVELLES 
ARCHITECTURES,  NOUVEAUX  PROBLEMES 

Dans  les  trente  derni6res  ann6es, 

1 'Evolution  des  propergols  a  6t6 
essentiellement  caractfiris^e  par  la 
recherche  d’une  augmentation  des 
performances  6nerg6tiques  et  d’une 
adaptation  des  caract6ristiques  cin6tiques 
aux  specifications  des  missions  envisagees: 
augmentation  des  domaines  de  temperature, 
extension  des  domaines  de  dur6es  de 
combustion,  etc... 

Au  plan  des  applications  militaires  depuis 
quelques  annees,  est  apparu  le  besom 
d’accroitre  la  surete  de  fonctionnement  et 
la  survivabi 1 ite  des  plateformes  de  combat 
(bateaux,-  avions,-  chars...)  dans  1 ’ambiance 
du  champs  de  bataille  ou  dans  des 
Cl rconstances  accidentel les,  ce  qui 
entraine  en  particulier  au  niveau  des 
ensembles  propulsifs  la  necessite 
d’augmenter  leur  discretion  pour  diminuer 
la  detectabi 1 1 te  et  leur  sensibilit6  aux 
agressions  tel  les  que.-  incendie,  impact 
par  fragments  ou  par  balles,,  detonation  par 
sympathie. 

Au  plan  de  la  vulnerabi 1 i te,  des 
ameliorations  progressives  peuvent  6tre 
apportees  par  des  dispositions 
oompensatoi res  systemes  de  deoonf inement 
rapide  ou  structures  en  matenaux  adaptes,- 
action  sur  les  propergols  pour  modifier 
leurs  caracteristiques  de  combustion 
reduction  des  vitesses  de  combustion  e 
basse  pression  apres  deconfinement, 
etc...mais  pour  respecter  toutes  les 
specifications  et  obtenir  des  propergols 
reel  lament  insensibles  il  est  necessaire 
d’agir  plus  profondement  sur  la  composition 
des  matenaux  energetiques . 

Ceci  est  particul lerement  vrai  pour  les 
propergols  detonables  lorsqu'ils  sont 
amorces  par  onde  de  choc  que  sont  les 
propergols  A  fumee  minimale  du  type  double 
base,  nitramites,  EMC08.  II  faut  alors 
avoir  recours  e  de  nouveaux  ingredients 
energetiques  qui  peuvent  soit  Stre  utilises 
pour  augmenter  I’energie  des  compositions 
actuelles,  soit  etre  utilises  au  meme 
niveau  d’energie  ou  e  un  niveau  infeneor 
en  ameiiorant  les  caracteristiques  de 
vulnerabi 1 Ite.  Ainsi  le  PAG,  polyazide  de 
glycidyle,  nouveau  polymere  energetique 
peut  etre  utilise  en  conjunction  avec  des 
nitramines  hexogene  ou  octogene  ou  bien 
etre  couple  avec  des  oxydants  beaucoup 
moms  energetiques  tels  que  le  nitrate 
d’ammonium  pour  augmenter  le  diametre 
critique  des  compositions  discretes. 
D’autres  recherches  sont  en  cours 
conduisant  e  envisager  d’autres  charges 
sol  Ides  ni trees  que  1 ’hexogene  ou 


1 ’octogene.  Les  caracteristiques  de 
combustion  de  cos  produits  sont  tres 
nouvelles  et  les  premiers  easais  montrent 
de  grandes  difficult6s  e  mattnser  les 
exposants  de  pression  et  les  coefficients 
de  temperature.  Ces  nouveaux  produits 
devraient  done  relancer  les  etudes  de 
mecanismes  de  combustion.  Par  ail leurs, 
s’agissant  de  propergols  discrets  generant 
peu  d’especes  condensees  dans  la  chambre, 
les  probiemes  d’ instabi 1 it6  de  combustion 
risquent  de  se  poser  A  nouveau. 

Paral leiement,  de  nouveaux  concepts  et  de 
nouvelles  architectures  de  chargement 
emergent  dans  les  applications. 

Ces  systemes  roqui6rent  des  propergols 
presentant  des  caracteristiques  de 
combustion  particul i6res  et  doivent 
eventual lement  presenter  en  plus  les 
caracteristiques  de  vulnerabi 1 ite  reduite 
et  de  discretion.  II  s’agit  en  particulier 
des  propulseurs  sans  tuyAre,  dec 
propul seurs  pour  systemes  hyperveioces  et 
des  noteurs  A  impulsions  multip'es  ("pulse 
motors" ) . 

Propulseurs  sans  tuvAre  -  Le  principe  de 
fonctionnement  de  ces  moteurs  conduit  A  une 
courbe  de  pression  chambre  fortement 
degressive  (associee  A  une  poussAe 
fortement  progressive).  L’optimum  du 
fonctionnement  conduit  A  rechercher  un 
compromis  sur  I’exposant  de  pression  ;•  pas 
trop  e’eve  A  haute  pression  au  debut  du 
tir,  pas  trop  faible  A  base  pression  pour 
ne  pas  avoir  une  impulsion  spAcifique  trop 
faible  en  fm  de  tir.  O’autres 
complications  peuvant  apparattre  avec  la 
combustion  erosive  amsi  que  par  suite 
la  deformation  du  chargement  sous  press. on 
qui  modifie  le  serrage. 

Propulseurs  pour  svstAme.s  hvoerveioces  - 
Dans  ces  propulseurs,  une  impulsion 
maximale  en  un  temps  court  est  souvent 
recherchAe.  L’optimisation  du  moteur 
conduit  A  le  faire  fonctionner  A  une 
pression  moyenne  AlevAe  typiquement 
comprise  entre  150  et  260  bars,  domaine 
dans  lequel  la  maltrise  des  exposants  de 
pression  est  moms  bien  assurAe. 

Moteurs  A  impulsions  multiples  -  Dans  ces 
moteurs  de  missiles  qui  prAsentent  souvent, 
aprAs  une  propulsion  classique,  une  phase 
de  vol  aArodynamique  suivie  d’une  impulsion 
en  phase  terminals,  il  serait  souhaitable 
de  pouvoir  disposer  de  trAs  grandes 
vitesses  de  combustion  dans  la  phase  finale 
afm  de  rAaliser  une  combustion  frontale, 
ces  vitesses  ne  pouvant  pas  toujours  Atre 
obtenues  avec  les  propergols  classiques 
roSme  avec  1 ’ uti 1 isation  de  la  combustion 
pilotAe  par  fils. 


On  voit  qu’il  y  a  encore  bien  du  travail 
pour  les  chercheurs  et  les  technicians  en 
matiAre  de  combustion. 
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Tableau  1 


Effet  du  rapport  d'autoserrage  sur  la  nature  et  I’intensit* 
des  phdnom^nes  due  aux  4cou1ements  dans  un  chargement 


J 

K 

Presence  de  combustion 

6rosi ve 

Valeur  de  1 ’6cart 
de  pression  ^p 

<0,2 

<50 

non 

Faible  dans  tous  les  cas 
en  g6n6ra1 

inf^neure  A  5%  de  p>,. 

50  A  100 

oui  pour  V  c  10  mm/s 

100  A  150 

OUT  pour  V  <20  mm/s 

>150 

OUI  pour  toutes  les  compositions 
Tr6s  importante  pour 

V  < 10  mm/s 

0,2  4  0,35 

<50 

non 

Environ  lOX  de  Pj, 
pour  J  =  0,3 

50  a  100 

OUI  pour  V  <:  10  mm/s 

100  A  150 

oul  pour  V  <  20  mm/s 

>150 

OUI  pour  toutes  les  compositions 
Tr6s  importante  pour 

V  c  10  mm/s 

0,35  4  0,5 

<50 

OUI  pour  V  ^  10  mm/s 

Environ  15*  de  Pj, 
pour  J  :  0,4 

50  A  150 

oul  pour  V  <  20  mm/s 

oi  50 

OUI  pour  toutes  les  compositions 
Tr6s  importante  pour 

V  <  10  mm/s 

0,5  t  ,8 

<  50 
et  de 

30  A  150 

Oui  importante  pour 

V  <  20  mm/s 

Peut  atteindre  40*  de  p. 

>150 

_ 

OUI  pour  toutes  les  compositions 
Tr6s  importante  pour 

V  <10  mm/s 

1 

Pour 

tout© 

valeur 

oui 

Intense  pour  vc  10  mm/s 
-  Importante  pour  v  ^  20  mm/s 
Faible  pour  v  30  mm/s 

La  pression  dans  la  section 
Sonique  est  telle  que 
p  oi  0,56  o»v 

P. 


pression  de  fonctionnement  mesur6e  4  I’avant  du  chargement. 
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Figure  2:  Courbes  vitesse-pression  typjques  d'un  propergol  double-base 
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Figure  3:  Impulsion  spdcifique  pratique  standard  et  plages  de  vltesse  de 
combustion  des  principales  families  de  propergols 


Figure  7:  influence  de  I'allongement  sur  la  loi  de  vitesse 
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Figure  8:  Domaine  de  fonctionnement  stable 
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I  ABSTRACT  IKTRODOCTinU 

I 

I  A  review  of  the _ understanding  of  the  Much  work  has  been  devoted  in  various 

;  combustion  mechanisms  of  solid  propellants  is  countries  to  investigating  the  combustion 

I  presented.  Such  an  understanding  is  an  mechanisms  of  solid  propellants.  It  is  timely 

;  important  part  of  the  process  carried  out  to  to  bring  together  the  information  on  the 

master  the  behavior  of  solid  propellants  and  combustion  of  the  individual  components  as 

to  obtain  desired  characteristics  (with  well  as  of  their  combination  into 

pspect  to  energetic  level,  burning  rate  propellants.  This  review  is  about  the 

level,  sensitivity  to  pressure  and  initial  existing  components  and  propellants  :  double¬ 
temperature,  nature  of  emitted  combustion  base  propellants  and  active  binders,  inert 

products,  vulnerability  to  various  binders,  ammonium  perchlorate,  HMX  and  the 
aggressions.  . . ) .  corresponding  composite  propellants,  ammonium 

j  perchlorate  -  inert  binder  (plus  possibly 

,  Ine.-.Ptopellants  and  propellant  components  aluminum),  HMX  (or  RDX)  -  active  binder 

i  considered  are  • 


double-base  propellants,  based  on 
nitrocellulose  and  nitroglycerin, 

-  active  binder,  based  on  an  inert  polymer 
and  a  liquid  nitrate  eater, 

-  inert  binders,  such  as  polybutadiene, 

-  ammonium  perchlorate, 

-  nitramines,  such  as  HMX, 

-  composite  ammonium  perchlorate-inert  bi.ider 
propellants, 

-  composite  propellants  based  on  a  nitramine 
and  an  active  binder, 

-  aluminum,  with  respect  to  the  two  previous 
types  of  propellants, 

-  additives,  when  appropriate. 

The  features  of  the  combustion  zone  described 
are  : 

-  in  the  condensed  phase,  the  thickness  of 
the  temperature  profile  and  of  the 
decomposition  zone,  the  kinetics  of  the 
decomposition,  the  energy  released,  the 
nature  of  the  gases  evolved,  the  surface 
temperature, 

-  in  the  gas  phase,  the  type  of  flame 
structure  (diffusion  or  kinetically 
controlled),  the  possibility  of  staging  (such 
as  in  double-base  propellants),  the  kinetics 
of  the  reaotion(s),  the  energy  released,  the 
flame  temperature  (primary  and  final,  when 
applicable) . 

It  is  concluded  that  a  fairly  proper 
knowledge  of  the  combustion  of  the  various 
components  and  propellants  has  been  acquired 
(to  be  now  extended  to  new  ingredients, 
oxidizers  or  binders).  Furthermore,  based  on 
this  knowledge,  a  first  approach  modeling 
description  can  be  achieved,  which  should  be 
improved  progressively  in  the  next  few  years . 
Such  a  description  can  be  useful  in 


The  viewpoint  adopted  here  is  that  of  the 
understanding  of  the  combustion  behavior  of 
propellants.  Therefore  as  much  information  as 
possible  is  presented  about  the  fundamentals 
of  the  processes  (thermal  properties, 
kinetics  in  the  condensed  phase  and  in  the 
gas  phase...),  whereas  no  attempt  is  made  to 
establish  a  complete  catalog  of  practical 
results  on  various  propellants  with  different 
particle  sizes,  catalysts,  variations  on  the 
percentage  of  ingredients. 

Some  space  is  taken  up  by  physico-chemical 
modeling.  The  aim  is  not  so  much  to  give  the 
elements  of  mathematical  descriptions  which 
could  be  used  for  a  priori  computations  of 
burning  characteristics  of  propellants  (to 
the  extent  that  such  computations  are 
possible).  The  point  is  more  to  put  to  test 
the  hypotheses  made  on  the  mechanisms  of 
combustion  by  incorporating  them  in 
reasonable  models  and  confronting  the  results 
thus  obtained  to  experimental  data. 

These  descriptions  can  also  be  viewed,  along¬ 
side  with  the  data  given  for  each  component 
or  propellant,  as  useful  for  coping  with  the 
regimes  of  combustion  which  go  beyong 
stationary  combustion  :  that  is  erosive 
burning  and  unsteady  (under  pressure 
excursions  or  pressure  oscillations) 
combustion  responses . 

The  table  below  gives  information  about  the 
various  types  of  propellants  of  actual  use. 

Double-base  propellants  (made  by  the 
extrusion  or  powder  casting  techniques)  are 
used  in  anti-tank  rockets  or  missiles  and  in 
some  tactical  missiles.  Their  main  advantage 
is  that  they  produce  a  minimum  amount  of 
smoke  (only  from  a  small  amount  of 
additives) . 


1 


1 


accompanying  the  elaboration  of  new 
propellants  and  in  preparing  the 
investigation  of  more  complicated  regimes 
such  as  those  of  erosive  burning  and  of  non- 
stafionary  response. 


Composite  propellants  based  on  ammonium 
perchlorate  (AP)  without  aluminum  generate 
reduced  smoke,  HCl  and  HjO  vapor  will 
precipitate  into  droplets  in  the  plume  under 
given  temperature  and  humidity  conditions 
They  are  used  for  various  tactical  missiles c 
With  aluminum,  they  are  widely  used  in 
missiles  and  space  launchers.  They  produce 
alumina  smoke,  which,  in  the  case  of  space 


'  ‘  h  a"  r«'*  ^ 
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Performancea  /  eharacteriatlcs  of  various  propellants 


PROPELLANT 

COMPOSITION 

(main 

ingredients) 

Pp  g/cm’ 

I.  (70/1)  theor. 
(pract . ) 

APPLICATIONS/CHARACTERISTICS 

Extruded  DB 

Nitrocellulose 

Nitroglycerin 

S  1.66 

S  230  s 
■{.  -  10  s) 

-  Anti-tank  rockets  and  missiles 

-  AS  rockets 

-  Some  tactical  missiles  (SA) 

Minimum  smoke 

Powder  cast 
DB 

Nitrocellulose 

Nitroglycerin 

S  1.66 

S  225 
(.  -  10  8) 

-  Anti-tank  missiles 

-  Some  tactical  missiles  (AS) 

Minimum  smoke 

AP  composite 

Ex  :  88%  AP  - 
12%  HTPB 

1.72 

-  250  (~  -  10s) 

-  Some  AS  rockets 

-  Some  tactical  missiles 
)?educed  smoke  (HCl-HjO) 

AF  composite 
with 

aliminum 

Ex  ; 

68  AP  -  20  al.  - 
12  CTPB 

-  1.82 

265  (-  -  20  s) 

-  AA  tactical  missiles 

-  Anti-ship  missiles  (booster) 

-  Tactical  ballistic  missiles 

-  Strategic  ballistic  missiles 

-  Apogee  motors 

-  Boosters  for  space  launchers 
(Titan  III,  IV,  Space  Shuttle, 

Ariane  V. . . ) 

Smoky  (AljOj) 

HMX  (RDX) 
composite 

HMX  or  RDX  - 
KLDB  binder 

<  1.75 

<  255  (.  -  15  3) 

-  Anti-ship  missiles  (cruise) 

-  SA  missiles 

Minimum  smoke  (without  AP) 

HMX 

composite 

with 

aluminum 

XLDB  binder 

1.87 

273 

-  Strategic  ballistic  missiles 
(upper  stages) 

(Trident,  MX. . . ) 

Smoky  (AljOj)  | 

Sources  :  Air  et  cosmos  n'  lu 
fteronautlQue  et  Astronauticrue 

00,  may  1984.  Annaies  des  Mines,  jan-teo.  1986.  } 

,  n*  138,  1989.  1 

launchers,  could  be  considered  In  the  future  General  background  on  the  combustion  of 
to  be  undesirable  (along  with  HCl).  double-base  propellants  can  be  found  in 

references  [1-6]. 


Composite  propellants  based  on  nitramines  and 
an  "active"  binder  (cross  linked  polymer  with 
nitroglycerin  or  other  liquid  nitrate  esters) 
are  used  more  and  more.  Without  aluminum, 
they  are  in  the  minimum  smoke  category  and 
they  replace  DB  propellants.  With  aluminum, 
they  reach  the  highest  specific  impulse  and 
density  and  are  used  so  far  for  upper  stages 
of  strategic  missiles. 

The  combustion  of  the  components  and  then  of 
the  various  propellants  will  be  seen  in  the 
next  chapters. 

a  few  general  references  about  chemical 
propulsion,  solid  propellants  and  combustion 
can  be  found  at  the  end  of  the  main  text, 
ahead  of  more  specialized  references 
introduced  progressively  in  the  following 
chapters . 

COMBUSTION  OF  DOUBLE-BASE  PROPELLANTS  AMD 
ACTIVE  BINDERS 

1.  Introduction 


Double-base  propellants  are  made  in  a  number 
of  ways.  When  they  are  rolled  or  extruded, 
the  components  ate  nitrocellulose  and 
nitroglycerin,  to  which  some  stabilizers  such 
as  centralite  and  plasticizers  are  added. 
When  they  are  cast,  a  casting  powder  (made  of 
nitrocellulose,  some  nitroglycerin,  and  the 
various  additives)  is  swelled  within  the  mold 
by  a  liquid  mixture  of  nitroglycerin  and 
triacetin.  The  grain  thus  obtained  is  then 
inhibited  and  used  free  standing  in  the 
motor .  The  propellant  ingredients  can  also  be 
mixed,  oast,  cross-linked,  and  the  grain  case 
bonded , 

Depending  on  the  relative  amounts  of 
nitrocellulose  and  nitroglycerin,  the 
energetic  level  of  the  propellant  can  be 
increased  or,  in  the  usual  terminology,  its 
"heat  of  explosion"  or  "calorimetric  value", 
that  is,  the  heat  evolved  in  a  calorimetric 
bomb  by  combustion  under  an  inert  atmosphere. 
One  can  then  talk  about  "cool"  and  "hot" 
compositions. 


It  seems  appropriate  to  consider  double-base 
propellant  combustion  mechanisms  in  the  first 
place  because  they  correspond  to  relatively 
simpler  premixed  processes  which  lend 
themselves  to  a  better  understanding  and 
because  they  have  been  investigated  for  a 
long  time  (starting  in  the  1950's)  in  the  US, 
USSR,  UK,  Japan  and  France  in  particular. 

As  will  be  seen,  the  mechanisms  involved  in 
the  combustion  of  double-base  propellants 
will  apply  as  well  to  the  active  binders 
(-  1/3  polymer,  -  2/3  nitroglycerin,  or 
another  liquid  nitrate  ester) . 


H  And,  h.c^-ono,  J,, 

H  Nitrocellulose 


H,C  _ C  _ CH, 

6n0,  ONO,  iwo,  Nitroglycerin 


Example  of  composition  1100  cal/g 

propellant,  52.25%  NC,  42.75%  NG,  5%  others. 
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Double-base  propellants  are  used  In  small  and 
medium  sized  rockets  and  thus  exposed  to  * 
varying  ambient  temperatures .  The  sensitivity 
of  the  motor  operation  to  temperature  depends 
upon  the  propellant  burning  rate  sensitivity 
to  both  the  temperature  and  the  pressure.  As 
can  be  seen  on  Pig.  l,  the  pressure  exponent, 
in  the  usual  empirica'  law  Vb  .  p",  is  around 
0.7  and  increases  to  nearly  1  at  high 
pressure.  Super-rate  effects  (Pig.  2)  are 
created  by  the  use  of  additives,  most  often 
lead  and  copper  salts  combined  with  carbon 
black.  At  the  end  of  the  super-rate  zone,  the 
burning  rate  falls  back  to  that  of  the 
control  propellant,  with  the  occurence  of  a 
nearly  zero  pressure  exponent  zone,  a 
"plateau"  effect,  or  a  negative  exponent 
zone,  a  "mesa"  effect.  These  terms  are  used 
by  analogy  with  topographical  features .  A 
fairly  complete  set  of  results  can  be  found 
in  reference  [6],  It  is  only  in  these  reduced 
pressure  exponent  zones  that  the  propellant 
is  used  to  minimize  the  motor  operation 
sensitivity  to  ambient  temperature.  Due  to 
this  fact ,  the  study  of  the  combustion  of 
propellants  without  additives  should  be 
conceived  only  as  a  first  step  leading  to  an 
understanding  of  modified  (that  is,  with 
additives)  propellants. 

2 .  Flame  structure 

From  the  works  mentioned  previously  it  is 
possible  to  describe  the  combustion  wave 
structure  of  double-base  propellants,  in 
particular  its  chemical  processes,  see 
Fig.  3.  The  various  data  will  be  discussed 
and  justified  later.  Gas  analysis  results  are 
from  reference  [7];  they  refer  to  mass 
fractions . 

The  propellant  components  pass  unaffected 
through  a  preheated  zone  of  a  few  tens  of 
micrometers  in  a  few  milliseconds  and  reach 
a  superficial  degradation  zone  (or  "foam" 
zone  in  the  early  literature)  where  the 
temperature  becomes  high  enough  for  the 
molecular  degradation  to  take  place, 
initiated  by  the  rupture  of  the  C-O-//-SO2 
bond,  simultaneous  recombination  occurs  so 
that  a  mixture  of  NOj,  aldehydes,  but  also  NO 
emerges  from  the  surface  and  th-*  net  energy 
balance  of  the  degradation  is  exothermic.  At 
pressures  under  about  100  atm,  a  clearly 
separated  primary  flame  ("<=izz"  zone)  and  a 
secondary  flame  ("luminous"  flame)  are 
observed,  the  first  involving  NOj-aldehydes 
reactions  and  the  second  probably  HO-CO 
reactions .  In  this  pressure  range  the 
secondary  flame  is  too  far  away  to  have  any 
effect  on  the  surface  or  even  to  Induce  a 
temperature  gradient  into  the  primary  flame. 
The  burning  rate  is  then  entirely  under  the 
influence  of  the  latter.  This  corresponds  to 
a  burning  rate/pressure  law  with  a  0.7 
pressure  exponent  (Fig.  1).  As  the  pressure 
increases,  the  secondary  flame  enhances  and 
then  merges  into  the  primary  flame  and  a 
transition  is  observed  to  a  zone  with  a 
pressure  exponent  close  to  1.  When  the 
secondary  flame  is  fully  developed,  even  at 
pressures  for  which  it  does  not  yet  influence 
the  burning  rate,  the  final  products  (N2,  CO, 
CO2,  H2O  and  H2)  and  the  final  temperature 
(2100-3100  K,  depending  on  the  heat  of 
explosion)  are  attained. 

The  following  table  gives  data  relative  to 
the  various  zones  of  the  combustion  wave. 
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x{mm) 


1  Pressure 
atm. 

10 

50 

100 

Vb  mm/s 

1.9 

6.7 

10.6 

T.,  K 

610 

662 

685 

Preheated 
zone,  pm 
(measured/ 
c<^mputed) 

140/ 

104 

50/55 

45/35 

Residence 
time  in 
preheated 
zone,  ms 

100 

8 

3 

Superficiaj. 
degradation 
zone  pm 

11 

3 

2 

Residence 
time  in 
superficial 
zone,  ms 

6 

0,5 

0,2 

Flame 

thickness, 

pm 

(measured) 

200 

75 

110 

(secon-  1 
dary  [ 
flame)  j 

Measured  results  from  Zenin 

Characteristics  of  the  combustion  zones. 

3 .  Condensed  phase  processes 

The  preheated  zone  of  a  regressing  propellant 
IS  described  by  the  conservation  of  energy  in 
a  coordinate  (  x  >  0  in  the  gas  phase) 
regressing  with  the  surface  : 

PpVfcCpdT/dx  =  d().pdT/dx)/dx  '{1) 

in  such  a  way  that  a  temperature  profile 

(T-T„)/(T.-T,)  =  exp(x  Vp/dp), 

dp  =  1^/ PpCp  ( 3 ) 

will  progress  with  the  surface  into  the 
propellant.  From  measurements  up  to  100 'C  and 
from  ignition  experiments,  representative 
average  values  are  taken  as  : 


Pp  =  1.6  g/cm’,  Co  =  0.4  cal/g  K, 
Xp  =  5.1  10"*  cal/s  cm  K 
dp  =  0.8  10"^  cm*/s 


Values  of  the  condensed  phase  properties.. 
Double-base  propellants. 

The  thickness  of  the  conduction  zone 

can  be  taken  conventionally  as 

T(end  of  cond.  zone)  -  T,  =  10"'  {T,  -  Tp) 

Scond.  =  (dp/Vb)  InlO*  (3) 

As  an  example,  for  v,,  =  10  mm/s 

Scond.  =  37pm,  a  thickness  through  which  the 

temperature  rises  from  293  K  to  about  700K. 


The  residence  time  through  this  conduction 
zone  IS  : 


tcdd.  =  (dp/v»b)  In  10'  (4) 

about  4  ms  in  this  example;  a  very  short  time 
for  a  temperature  increase  of  400K. 

The  superficial  degradation  zona  has  its 
thickness  ruled  by  the  conservation  of  the 
non  degraded  propellant  mass  fraction  Yp  : 

ppVbdYp/dx  =  -  Pp  Ap  exp  (-Ee/RT),  (5) 

with  the  decomposition  represented  by  an 
Arrhenius  law.  Numerous  investigations  by 
thermograviroetry,  differential  scanning 
calorimetry,  on  nitrocellulose,  nitroglycerin 
and  other  nitrate  esters,  as  well  as  on 
double  base  propellants  ,  and  ignition 
studies  [5]  result  in  ■ 


Decomposition  order  0,  Ap  =  1  lO'^s'', 
Ep  =  40  kcal/mole 


Values  for  the  condensed  phase  degradation 
kinetics.  Double-base  propellants. 

The  thickness  of  the  degradation  layer  is 
related  to  the  fast  drop  in  the  degradation 
rate  When  this  rate  is  10*'  that  at  the 
surface  temperature  the  lower  limit  of  the 
reaction  layer  is  reached 

exp  [-  rp  Jl  -  4T/T.)]  =  10*'  exp(  -  ?=), 


«.  s  Ep/  RT„ 

the  temperature  drop  is  then 

AT/T.  =  1/(1  +  re  /  In  10')  (6) 

AT  •  100  K  for  T,  =  700  K.  Such  a  temperature 
drop  inserted  in  eg.  (2)  gives  an  estimation 
of  the  reaction  layer  thickness 


epMctio,  =  (dp/vp)  In  [1  -  AT/  (T,  -  Tp)] 


or  taking  into  account  the  magnitude  of  the 
reduced  activation  energy  (  g'^  -  30). 

®re4ction  —  ®cond.  T,/^  (T,  “  Tp)  (7) 

For  the  values  taken  above,  at  v,,  =  10  mm/s 
®r««ct  “  2  pm,  with  an  associated  residence 
time  Tppppt  of  0.2  ms. 

The  summation  of  Eq.  (5)  through  the 
degradation  layer  results  in  : 

PpVbCYp,,  -  Yp,p)  =  -  /  PpAp  exp(-Ep/RT)  dx  (8) 

Vp  .  Apexp( ”Ep/RTp )  eppppt,pp 

=  Apexp  (-«-p)(dp/Vb)  lnl0'(l/rp)[T./(T.  -  Tp)] 

A  more  rigorous  approach  [8]  (which  is  almost 
identical  to  a  numerical  computation  [9]) 
gives  : 

Vb’  =  (dp/*;.)  Ap  exp  (-rp)/ 

(1-Tp/T.  -  0.  /  2  CpT,)  (9) 

This  equation  indicates  a  relation  between 
surface  temperature  and  burning  rate  :  the 
mass  flow  rate  ppVb  emitted  from  the  surface 
is  the  result  or  the  decomposition  of  the 
propellant  into  gases  throughout  the 
superficial  degradation  layer,  Eq.(8).  The 
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higher  the  burning  rate  Vb,  the  smaller  the 
residence  time  !„*«.  -  l/vu’.  and  the  higher 
is  the  surface  temperature  reached  to  allow 
for  the  complete  degradation  of  the 
propellant . 

Traverses  with  micro-thermocouples  {as  seen 
previously  the  thickness  of  the  combustion 
wave  is  of  the  order  of  tens  of  pm)  allow  to 
obtain  measurements  of  the  surface 
temperature  [2,3, 4, 5].  One  example  is  given 
on  Fig.  4.  The  results  from  various  sources 
are  collected  (see  [5]  for  references),  as 
burning  rate  versus  1/T,,  on  Fig.  5.  Also 
indicated  is  the  correlation  obtained  from 
Eq.(9).  Having  in  mind  the  inevitable  scatter 
in  measurements  due  to  the  thinness  of  the 
combustion  wave,  some  conclusions  can  be 
reached  (see  also  Refs.  [3,10]).  The  initial 
degradation  of  the  propellant  components  is 
controlled  by  the  breaking  of  the  -C-0-//-K0j 
bond  (characterized  by  the  40  kcal/mole 
activation  energy) .  This  is  considered  to  be 
a  temperature  sensitive  only  process, 
irreversible  (therefore  not  influenced  by  the 
pressure  level).  It  is  noteworthy  that  the 
kinetics  of  the  degradation  is  the  same  from 
thermal  decomposition  (by  TG  and  DSC)  at 
about  400  K,  to  ignition  from  400  to  500  K 
[5]  and  combustion  at  temperatures  up  to 
700X.  Also  important  is  the  conclusion,  if 
one  looks  at  the  details  of  Fig.  5,  that  the 
presence  of  super  rate  producing  additives 
does  not  affect  the  condensed  phase  kinetics. 

The  energetics  of  the  reaction  layer  is  now 
to  be  considered.  The  initial  degradation  of 
the  propellant,  taking  into  account  the 
assumed  decomposition  of  nitroglycerin  into 
3N02,  2  CHjO  and  0.5  (CHO)j,  is  thought  to 
give  (for  the  example  of  the  1100  cal/g 
propellant)  the  mass  balance 

1  propellant  -»  0.467  NO2  +  0.364  CH2O  +  0.1 

(CH0)2  +  0.06  hydrocarbons  (10) 

with  a  corresponding  endothe,.mlc  heat  of 
degradation 

Qd  =  -  135  cal/g  of  propellant. 

It  is  thought  [5,9,10]  that  within  the 
superficial  layer  the  exothermic  reaction 
between  NO2  and  aldehydes  can  start.  A 
plausible  mole  balance  (in  order  to  match 
various  results,  in  particular  the  analysis 
[7]  of  the  gases  emitted  from  the  surface  of 
regressing  propellants)  is 

NOj  +  CH2O  -*  HO  +  1/2  CO  +  1/2  CO2  +  1/2  H2O 

+  1/2  H2  (11) 

with  a  corresponding  exothermic  heat  of 
reaction 

(}iK,2  =  1040  cal/g  of  NO2. 

Conservation  of  the  species  NO2  (in  terms  of 
mass  faction  Y)  is  written  (no  diffusion  is 
taken  into  account) 

PpVb  dYb02/<ix  =  Y,02,i  Pp  Ac  exp  (  -Ec/RT) 

-  *1102  (P^/RT)  Y,oj  exp{-E,o2/RT)  (12) 

if  a  first  order  with  respect  to  the  molar 
concentration  of  NO2  is  assumed  (it  will  be 
seen  that  this  is  probably  the  case). 
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Conservation  of  energy  is  written 

*s 

ppVt,  cdT/dx-d( WT/dx)/dx  =  -  Qj  <I>p 

”0«02  <5^102  {i3)  ^ 

with  (t)^,  the  rate  of  reaction  of  the  ’ 
propellant,  as  in  Eq.  (5),  and  <Ivo2  that  of  > 
NO2  as  in  the  second  terra  of  Eq.(12).  The 
summation  of  Eqs.  (5,12,13)  through  the 
condensed  phase  to  the  surface  leads  to 

K  dT/dx  1  s  =  PpVp  (CgT,  -  CpTp-Q,)  (14) 

=  PpVb  Qc 

Q*  -  Qd  t  Qhoj  (Th01,i  "  Tpo2^,)'  (15) 

The  first  equation  is  the  heat  balance  at  the 
surface,  the  heat  flux  from  the  flame  in  the 
gas  phase  allows  the  heating  and  pyrolysis  of 
the  propellant.  The  net  heat  of  decomposition 
of  the  propellant  Q,  is  exothermic  to  the 
extent  that  some  NOj  reacts  exothermically 
already  in  the  condensed  phase .  ^ 

From  thermocouple  traverses  such  as  that  of 
Fig.  4  and  the  balance  of  Eq.  (14)  the  net 
heat  Q,  can  be  estimated  (again  scatter 
should  be  expected)  The  results  from  various 
sources  are  given  on  Fig.  6.  The  net  heat  of 
decomposition  is  seen  to  be  exothermic  and 
increasing  with  burning  rate  (due  to  an  , 
increase  in  pressure).  Summation  of  Eq.  (12) 
yields  (with  Eq.  (5)  ta)cen  into  account) 

Pp  Vb(YB03,i  "  Ywoj.i)  "  /  (p4JI/RT) 

y»o!exp(-E,oj/RT)  dx 

“  Apoi  (p  ^  /RTg)  Yho2  63<P  ( ”Ebo2/RT»)epp4pt. 
and  with  Eq.  (8) 

Yhoj,!  “  Y|io2,a  -  CP  ^  /ET*) 
exp  ( -E„j/RT. )  /exp(  -Ep/RT. ) 

This  relation  indicates  that  the  amount  of 
NOj  reacting  in  the  condensed  phase  will 
increase  with  pressure,  and  thus  0,  will 
increase,  if  the  reacting  rate  for  N02 
catches  up  with  the  decreasing  residence  time 
in  the  degradation  layer, 

tre.ct.  -  1/Vb’  -  1/exp  (-Ep/RT,) 

(due  to  Eq.(9)).  A  plausible  law  is  obtained 
for  a  first  order  NOj  reaction  with  an 
activation  energy  Euoj  between  5  and  10 
kcal/mole . 

One  important  feature  of  Fig.  6  is  that  the 
heat  evolved  in  the  condensed  phase  is  not 
affected  by  the  presence  of  additives. 

4.  Flame  zone 

As  seen  above,  the  reaction  between  HO2  and 
aldehyde  starts  in  the  condensed  phase  in 
such  a  way  that  the  surface  gas  composition 
[7]  indicated  on  Fig,  3  is  obtained,  with  NOi 
being  significantly  less  (0.255)  as  compared 
to  what  results  from  the  initial  degradation 
of  the  propellant  (0.467,  in  the  case  of  an 
1100  cal/g  propellant)  and  with  NO  already 
present  (0.14).  The  mole  balance  of  Eq.  (11) 
allows  to  match  as  well  the  gas  analysis  at 
the  end  of  the  primary  flame  ([7J, 
measurements  at  11  atm) 
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NO2  +  CH2O  —  NO  +  1/2  CO  +  1/2  CO2  +  1/2  H2O 
+  1/2  H,  (11) 

Q1102  =  1040  cal/g  of  NO2 . 

It  IS  IDrely  that  aldehyde-aldehyde  reactions 
also  occur  following  (again  to  match  the  gas 
analysis  results)  : 

CH,0  +  CHjO  -►  CO  +  1/2  C2H,  +  H2O  , 

Q.id.L  =  389  cal/g  of  CHjO  (16) 

(CH0)2  +  (CH0)2  ->  4  CO  +  2  Hi, 

Q.u.2  =  -  533  cal/g  of  (CH0)2  (17) 

At  low  pressure  when  probably  only  the 
reaction  of  (11)  can  take  place,  an  energy 
balance  between  Initial  temperature  and  end 
of  the  primary  flame  yield  1 

Tfp  *  Cp  To  ®  Qd  +  Qh02  Ypo2,i2 

p  S  1  atm  (18) 

since  the  initial  NO2  is  totally  consumed  in 
the  condensed  phase  and  the  primary  flame.  An 
evaluation  of  Tfp  =  1340  K  results.  It  is 
seen  on  Fig.  7  that  measurements  with  small 
thermocouples  indicate  a  large  increase  with 
pressure  in  the  primary  flame  temperature 
from  this  value.  The  aldehyde  reactions  of 
Eqs.  (16,17)  do  not  produce  energy  in 
significant  amount.  It  has  then  been  assumed 
[5]  that  the  NO  already  present  at  the 
surface  as  well  as  that  produced  from  the 
NOf-aldehyde  reaction  react  with  the  layer  of 
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carbon  residue  attached  to  the  surface  which 
Is  observed  by  direct  visualisation  under 
combustion  and  after  extinction  by  scanning 
electron  microscopy. 

The  NO/  carbon  reaction  had  been  Investigated 
In  [11],  If  one  makes  use  of  the  results 
obtained,  the  conservation  of  the  species 
carbon  can  be  written  as  (the  carbon  layer 
regressing  with  the  surface) 

Vtdpe/dx  =  ((Kic/'W„o)  <I),o  (19) 

*110  =  -  Anore  exp(-E,o/c  /®T)p,,S,,,:Yk,  pfll , 

In  g/cm’s 

(this  form  resulting  from  the  way  the  data  of 
[11]  Is  cast),  the  reaction  balance  being 
assumed  to  be  ; 

NO  +  C  -*  1/2  Ni  +  CO, 

Qm/c  =  1600  cal/g  of  NO  (20) 

and  S,,c  being  the  specific  surface  area  of 
the  carbon  (at  most  10‘  cm^  /g).  Reference 
[11]  produces  (after  rounding  Em/c) 

A»o/c  =  2  10'^  mole/s  cm*  atm, 

Eho/c  =  30  kcal/mole 

A  rough  estimate  of  the  amount  of  Nj  produced 
by  reaction  (20)  through  the  primary  flame  is 
given  by  (with  A  =  pp  Vb  the  mass  flow  rate) 

-  "(1/2)  (  ffl c/ Who )  ^0  Xf 

being  evaluated  at  average  values  through 
the  flame.  With  p  =  11  atm,  Vb  =  0.28  cm/s, 
Ym  =  0.2,  pTc  =  0.5  g/cm*,  T,  =  1400K  and 
X(  =  400  pm  (from  thermocouple  measurements) 
It  Is  obtained. 

V»,,,p  -  0.06 

a  reasonable  value  (with  respect  to  the 
result  of  Fig.  3).  This  tends  to  indicate 
that  the  NO/carbon  reaction  has  a  kinetics 
indeed  fast  enough  with  respect  to  the 
residence  time  allowed  in  the  primary  flame. 

An  energy  balance  taking  into  account  the 
NO/carbon  reaction  is  written  : 

^9  Tfp  "  Cp  Tq  =  Qd  +  Obo2^H02,i  Ypo.con*.  Qro/C 

Q«ld  ^ild.con*.  (21) 

(the  taking  into  account  of  the  aldehyde 
reaction  cools  the  flame  by  about  80  K) .  In 
this  balance  Ypo.con..  is  the  amount  of  NO 
consumed  in  the  primary  flame  : 

^H0,C01».  "  3fbo2,i  (^Ho/^02)  " 

in  the  case  of  the  example  of  Fig.  3  and 
taking  into  account  the  uncertainty  on  the 
measurements  :  Yho.coii..  =  0.035  to  0.047  and 
Eq.  (21)  results  in  Tjp  =  1420  to  1475  K,  an 
admissible  value  when  compared  to  the  results 
of  Fig.  7. 

The  temperature  profile  in  the  primary  flame 
is  controlled  by  the  conservation  of  energy 
(A  =  pp/Vb)  [5]. 

Ac,  dT/dx  -  d(>.,/dT/dx)  =  -  0k,2  *>102 
"  QllO/C  •5^10  "  Q»ld.  *«ld.  (22) 


c,  =  0.35  cal/g  K, 

k,  =  1.25  10-‘(T/700)‘’-*  cal/cm  s  K 

^  =  30  g/mole 


Values  considered  as  representative  for  the 
gas  phase.  Double-base  propellants. 

The  evaluation  of  the  heat  flux  received  at 
the  surface,  which  will  then  control  the 
burning  rate  according  to  Eq.  (14),  results 
from  the  summation  of  Eq.  (22)  through  the 
flame  zone.  Only  a  true  numerical  evaluation 
of  the  temperature  and  species  profiles  will 
give  the  proper  heat  flux.  However 
conclusions  can  be  drawn  from  approximate 
relations.  The  activation  energies  of  the 
reactions  of  Eq.  (22)  being  moderate,  the 
flame  is  distributed  and  an  approximation  of 
the  temperature  profile  is  given  by  : 

(T,  -  T)  /  (T,  -  T.)  =  exp(  -  x/x,)  (23) 

which  will  produce  a  shape  such  as  that  of 
Fig .  4 . 

With  Eq.  (14) 

k,,,  dT/dx  1.  =  q,  =  AOc 

-  PpVb  tc,T.  -  CpTb  -  Q.)  (14) 

Eq.  (23)  yields 

-  ^9,*  "  T*)/Xj 

X,  =  k,,.  (T,  -  T,)/A(5b  (24) 

The  summation  of  Eq.  (22)  through  the  flame 
results  in 

Ac,  (T,  -  T.)  +  q,  =  Q,*,Xf  (S,  >  0,  average 
rate) 

or  with  Eqs.  (14,24),  and  taking  into  account 
an  overall  equation  for  conservation  of 
energy 

c,  (T,  -T.)  =  Q,  -  l\, 

*  =  [*,  k,„  (T,  -  T.)  /  Q,]'’  (25) 

At  very  low  pressure,  -  1  atm,  when  only  the 
NO2  reaction  probably  takes  place,  the 
burning  rate  follows  pressure  according  to, 
see  Eq.  (12), 

*  =  PpVb  -  (*  KOl)'' 

.  p'  exp(-E»,2/2  RT,p)  (26) 

a  pressure  exponent  which  is  indeed  observed, 
see  Fig.  1.  As  the  pressure  increases  the 
NO/carbon  reaction  takes  on  more  importance 
and,  Eq.  (19), 

A  =  PpVb-  [p  exp  (-  E,o2/RT,p) 

+  -  p  oxp  (-E,„„  /  RT,p)3\,  (:7) 


which,  with  the  increase  of  the  flame 
temperature  with  pressure,  see  Fig.  7, 
accounts  for  the  pressure  exponent  of  0.7. 

At  higher  pressures,  above  about  150  atm  for 
the  1100  cal/g  propellant  for  example,  a 
change  in  the  pressure  sensitivity,  Fig.  1, 
is  observed.  This  tends  to  indicate  that  the 
secondary  flame,  probably  characterized  by  a 
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second  order,  with  respect  to  pressure, 
reaction  for  NO,  comes  into  the  primary  flame 
and  progressively  dominates  it,  with  a 
pressure  exponent,  according  to  Eq  (25), 
increasing  to  close  to  1. 

Results  on  Fig.  8  for  the  1250  cal/g 
propellant  indicate  the  temperature 
sensitivity  of  the  burning  rate  defined  as 


Although  the  burning  rates  of  the  different 
active  binders  can  be,  for  a  given  heat  of 
explosion,  somewhat  different  at  low 
pressures  [10],  above  10  atm  the  differences 
become  small  ,  see  Fig.  9.  In  the  case  of  a 
double-base  propellant  and  of  a  XLDB  binder 
(that  of  the  above  table),  with  nearly  the 
same  heat  of  explosion,  the  burning  rates  for 
a  large  range  of  pressure  are  very  close. 


nitrates,  can  be  u^ed,  see  reference  [10]  for 
a  complete  description.  The  cross-linked 
double-base  binders  (XLDB)  will  be  considered 
here,  in  which  the  polymer  is  cured  with  an 
isocyanate  after  mixing  with  NG. 


Measurements  for  XLDB  binders  of  the 
degradation  kinetics,  of  the  surface 
temperature,  of  the  neat  evolved  in  the 
condensed  phase,  as  in  Fig.  6.  and  of  the 
primary  flame  temperature.  Fig  .7,  show  that 
these  characteristics  are  very  close  to  those 
of  DB  propellants. 


NOj 

CHjO 

(CHO)j 

NO 

CO 

COj 

HjO 

HC 

0.31 

0.37 

0.08 

0.07 

0.03 

0.04 

0.02 

0.08 

Gases  evolved  from  the  surface,  mass 
fractions.  XLDB  binder  [7]. 

Gas  analysis  at  the  surface  gives  results 
which  are  qualitatively  comparable  to  those 
of  DB  propellants,  Fig.  3. 


Values  for  a  XLDB  binder. 
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6. 


Modified  propeltan:  70  atm 


Modified  propellant  30«m  SOKFACK  SIimCTUltt  OF  A  CATALYZED  PROPELLAJfl 


Mechanisms  of  action  of  additives 


The  incorporation  of  a  few  per-cents  of  lead 
(and  copper)  salts  and  carbon  black  enables 
to  obtain  super-rate  effects  followed  by  mesa 
or  plateau  effects  in  the  burning  rate  versus 
pressure  laws  of  double-base  propellants, 
Fig.  2,  as  well  as  of  active  binders.  Fig. 10, 
although  in  the  latter  case  these  effects  are 
much  less  pronounced. 

What  is  thought  to  be  the  mechanism  of  action 
of  the  additives  has  been  presented  in 
references  [5,6]  by  ONERA  and  recently  in 
reference  [12]. 

It  has  been  found  that  the  active  part  of  the 
lead  salt  is  the  oxide  of  lead  which 
accumulates  above  the  propellant  surface, 
after  the  salt  has  been  trapped  in  the  carbon 
residue  layer  which  can  be  observed  immersed 
in  the  primary  flame  (the  decomposition 
kinetics  of  the  salt  is  slower  than  that  of 
the  propellant  components  and  it  tlius  emerges 
from  the  surface  unchanged).  If  the 
propellant  (when  its  heat  of  explosion 
increases)  or  the  active  binder  naturally 
produces  less  carbon  residue,  then  the  lead 
salt  particles  are  in  large  part  ejected  from 
the  surface  and  cannot  act.  This  is  the  case 
probably  when  the  amount  of  nitrocellulose  is 
reduced  (hot  double-base  propellants)  or 
almost  absent  (XLDB  binders).  In  the  latter 
case  however  the  inert  polymer  leaves  some 
carbonaceous  residue.  Addition  of  carbon 
black  is  probably  favorable  because  it 
accumulates  on  the  surface  in  the  naturally 
produced  carbon  layer. 

It  has  been  found  that  FbO  reacts 
preferentially  with  aldehydes  to  form  carbon 
and  CO2.  It  has  been  observed  systematically 
[6]  that  there  is  a  relation  between  the 
amount  of  carbon  residue  and  the  Importance 
of  the  super-rate  observed  (for  example, 
depending  on  the  fabrication  process  : 
solventless  extrusion,  powder  casting, 
mixing) .  It  was  seen  that  the  primary  flame 
is  due  to  an  HO^-aldehyde  reaction.  But  NO 
starts  to  react  with  carbon  as  well  close  to 
the  surface  leading  to  the  Increase  in 
primary  flame  temperature  of  Fig.  7.  It  is 
believed  that  the  extra  carbon  produced  in 
the  presence  of  additives  enhances  the  NO/C 
reaction  (see  ref.  [12]  for  more  results  on 
this  reaction),  depositing  extra  energy  in 
the  primary  flame  (an  Increase  in  primary 


flame  temperature  is  observed  in  the  presence 
of  additives  [5])  and  resulting  in  a  higher 
heat  flux  to  the  surface,  and  thus  a  higher 
burning  rate. 

Figure  11  shows  surface  structures  of  a  cool 
propellant  with  a  strong  super-rate  and  a 
corresponding  thick  carbon  residue.  In  this 
case,  visualisation  shows  that  a  physical 
effect  occurs  in  which  the  secondary  luminous 
flame  attaches  in  streaks  to  the  carbon  layer 
and  deposits  its  high  temperature  (-  2200  K 
as  compared  to  the  •  1400  K  of  the  primary 
flame)  closer  to  the  surface.  The  abrupt  end 
of  the  super-rate,  the  mesa  effect,  is 
believed  to  be  due  to  the  too  thick  carbon 
residue  being  expelled  from  the  surface.  At 
the  end  of  the  mesa  effect  the  surface  is 
almost  clean  of  carbon. 

In  the  case  of  hot  propellants.  Fig.  2,  the 
super-rate  is  probably  due  only  to  the 
chemical  effect  of  the  enhanced  NO/C 
reaction.  As  the  pressure  increases  the 
secondary  flame,  where  NO  will  react  anyway, 
merges  into  the  primary  flame  and 
progressively  the  modified  propellant  is 
caught  up  by  the  reference  propellant,  a 
plateau  effect  thus  resulting. 

In  the  high  pressure  domain  when  the  flame 
system  has  reduced  to  one  overall  flame,  a 
second  super-rate  occurs  (when  only  lead  salt 
or  oxide  is  added),  see  Fig.  11  for  the  cold 
propellant  and  Fig.  2  for  a  1250  cal/g 
propellant.  This  effect  seems  to  be  purely 
physical,  related  to  the  presence  of  lead 
oxide  particles  accumulating  and  imbedding 
into  the  surface,  Fig.  11,  with  for  example 
an  enhancement  of  the  thermal  conductivity  of 
the  flame  zone  or  a  flame  holder  effect  (the 
protruding  particles  perturbs  the  flow  from 
the  surface) .  At  higher  pressures  and  burning 
rates  the  thickness  of  the  condensed  phase 
heated  zone  and  reaction  layer  and  flame  zone 
becomes  so  small  that  the  particles  will  not 
attach  to  the  surface  or  will  be  too  large  to 
perturb  the  combustion  process. 
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PYROLYSIS  OF  IHERT  BINDERS 

A  number  of  books  and  works  has  been  devoted 
to  the  behavior  of  polymers,  whether  or  not 
usable  as  binders,  under  thermal  loads, 
references  [13-17],  Much  work  has  been 
carried  out  with  thermograviroetric  analysis 
(TGA)  or  differential  scanning  calorimetry 
(DSC)  with  heating  rates  at  most  of  the  order 
of  l*c/s.  Under  linear  pyrolysis  (for  a 
binder  within  a  solid  propellant)  the  rate  of 
temperature  increase  is  of  the  order  of  10* 
'C/s.  It  is  far  from  obvious  a  priori  that 
the  degradation  kinetics  will  remain  the 
same.  In  Ref.  [8]  it  was  attempted  to 
establish  that  this  is  indeed  the  case  for  a 
number  of  polymers . 

Although  it  IS  hardly  a  propellant  binder 
Teflon  is  an  interesting  reference  polymer. 
Its  degradation  kinetics  (obtained  by  TGA) 
and  thermal  properties  [8]  (  Xp  =  6.34  10'* 
cal  /  cm  K  s,  Pp  =  2.1  g/cm*,  Cp  =  0.25  cal/g 
K)  are  indicated  on  Fig.  12.  In  order  to 
extrapolate  these  characteristics  to  the 
regime  of  linear  pyrolysis  (obtained 
experimentally  by  pressing  the  sample  on  a 
hot  plate)  the  procedure  of  reference  [8], 
also  explained  in  the  condensed  phase 
paragraph  of  the  double-base  propellants 
chapter,  is  applied.  In  the  case  of  a  first 
order  (with  respect  to  the  non  degraded 
polymer)  reaction  the  relation  between 
regression  rate  and  surface  temperature  is 
(again,  numerical  computation  shows  this 
relation  to  be  accurate  to  about  1%) 

=  (dp/  gi)  Ap  exp  (  -  ^o)  / 

[(-  In  Yp,.)  (1  -  Tp/T,  -  Q./CpT.) 

+  Q./CpT.]  (1) 

ft  s  Ep/RT. 


Q,  being  the  heat  evolved  in  the  condensed 
phase,  in  this  case  endothermic  and  about  - 
340  cal/g  (Yp,,  mass  fraction  of  the 
re.maining  polymer  at  the  surface  can  be  set 
at  0.01).  It  is  seen  on  Fig.  12  that  there  is 
a  good  match  between  extrapolated  law  and 
measurements.  These  measurements  are  obtained 
under  various  atmospheres,  showing  no 
influence  of  this  factor.  The  conclusion  is 
then  reached  that  the  pyrolysis  of  such  a 
polymer  is  an  irreversible  thermal  mechanism. 


In  the  case  of  an  actual,  widely  used, 
propellant  binder  such  as  carboxyl  terminated 
polybutadiene  (CTPB)  the  same  extrapolation 
can  be  made.  Fig.  13  (the  thermal  properties 
used  :  Xp  =  3.6  lO'*  cal/cm  K  s,  Pp  =  0.91 
g/cm*,  Cp  =  0.39  cal/g  K),  and  compared  to 
the  results  of  Ref.  [15],  where  the  linear 
pyrolysis  of  various  binders  is  achieved  by 
the  heat  flux  from  an  arc-image  furnace,  the 
surface  temperature  being  obtained  by  infra¬ 
red  pyrometry.  It  is  interesting  to  note  that 
in  these  experiments  no  effect  of  pressure 
was  found,  strengthening  the  idea  that  the 
limiting  pyrolysis  mechanism  is  the 
irreversible  thermal  degradation  of  the 
polymer  bonds.  In  this  case  the  match  is 
unfortunately  not  as  clear  as  in  the  case  of 
Teflon.  The  agreement,  considering  the 
extent  of  the  extrapolation,  is  satisfactory 
for  regression  rates  up  to  1  mm/s.  Above,  it 
might  be  assumed  that  radiating  carbon 
residues  stagnating  on  the  surface  cause  the 
I.R.  pyrometer  to  overestimate  the  surface 
temperature,  a  point  seen  in  ONERA 
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LINEAR  PYROLYSa  OF  CAfilOXTL  TERMWATEO  POLYRUTADIENE 

experiments.  In  further  considerations,  the 
pyrolysis  law  based  on  the  TGA  kinetics  will 
be  considered  to  apply. 

Equation  (1)  and  Fig.  13  indicate  how  the 
surface  temperature  adjusts  itself  to  allow 
the  polymer  to  degrade  into  gases  when  the 
regression  rate  changes.  Further 
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considerations  to  better  know  the  binder 
behavior  are  the  nature  of  the  gases 
resulting  from  the  pyrolysis  and  the 
corresponding  heat  of  degradation.  From  the 
results  of  [13]  a  mole  balance  is  roughly 
(for  100  g  of  polymer)  : 


Cgraf'iar-Wiian 


c?  H  11.24  Oo.l  (  .  .  . 


H  H  H  H 
-C-C=  C-C-  ...) 
H  H 


-♦  12  %  CHi  =  CHj,  15  %  CHj  -  CHi,  17  %  CHj  - 
CH  =  CHj,  5  %  CHj  -  CHi  -  CHj,  28  %  CHj  =  CH- 
CH  =  CHi,  14  %  CH,  =  CH  -  CHj  -  CHj,  4%  CHj  - 
CHj  -  CHj  -  CHj  ... 

It  is  shown  on  Fig.  14  the  energetics 
involved  in  the  degradation  of  CTPB  (in 
particular  the  taking  into  account  of  the 
above  gas  composition  is  coherent  with  the 
measurements  of  [15]).  For  a  given  heat  flux 
q,,  in  cal/cm’s,  at  the  surface,  the  energy 
balance  is 

q.  =  fit  ''r  [Op  (T.  -  T„)  -  Q,]  (2) 

with  Q,  the  endothermic  heat  of  degradation 
about  -  360  cal/g. 

COMBUSTIOH  OF  AMMONIUM  PERCHLORATE 

Ammonium  perchlorate  (AP),  HH4  CIO4,  is  a 
widely  used  oxidizer  and  as  such  has  been  the 
object  of  numerous  investigations.  References 
[18  to  22]  are  a  sampling,  with  [22]  giving 
a  detailed  list.  A  view  of  the  combustion  of 
AP  is  presented  herein  attempting  to  make  use 
as  much  as  possible  of  the  various 
experimental  data  available.  Due  to  the  large 
number  of  works  on  AP  combustion,  somewhat 
contradictory  interpretations  and 
corresponding  models  have  been  produced.  A 
simplified  model  will  be  presented,  which  is 
considered  to  represent  reasonably  the 
combustion  mechanism  of  AP,  although  it  will 
not  be  in  agreement  with  all  of  the  above 
mentioned  Interpretations. 

1.  Condensed  phase  behavior 

The  considerations  presented  previously  for 
the  condensed  phase  of  a  pyrolysing 
monopropellant  apply  to  AP.  The  conduction 
zone  has  a  thickness 

Gcord.  =  (dp/Vfc)  In  10^ 

(with  the  thermal  diffusivity  [21]  dp  -  1.2 
10"’  cmVs  at  an  average  temperature  in  the 
heat  wave),  thus  equal  to  -  50  pm,  for  a 
burning  rate  of  10  mm/s. 


Cp  =  0.31  cal/g  K  (orthorhombic  phase 
<  513  K)  =  0.365  cal/g  K  (cubic  phase) 


Pp  =  1.95  g/cm’  ,  dp  =  2.5  lO' 
-  4.55  10-‘  TCOcmVs 


A* 


PYROIYSIS  GAS£S 
OF  THt  e^NOER 
(CorrpoM«n  atitf 
MAOOftSKY) 


Condensed  phase  values  for  AP  [19,21] 

Based  on  observations  by  scanning  electron 
microscopy  after  extinction,  the  idea  has 
been  advanced  that  the  self-deflagration  of 
AP,  possible  only  above  20  atm,  requires  that 
a  large  amount  of  exothermic  reaction  already 
takes  place  in  the  condensed  phase  in  a  thin 
liquid  layer  (above  a  melting  temperature 
estimated  at  835  K)  [19,20,21,22]. 


Fig.  14  ENERGETICS  OF  CARBOXVt  TERMINATED  POtrSUTAOIENE 

2.  Energetics  of  the  AP  combustion 

The  model  of  [)9]  is  r'<bscribed  to  in  order 
to  describe  the  combuf.tion  of  AP  alone.  The 
AP  undergoes  a  phai  e  transit'on  at  513  K, 
melts  around  835  K  .‘id,  in  the  thin  (a  few 
microns)  superficial  liquid  layer  thus 
created,  an  exothc 'mic  reaction,  affecting 
70%  of  the  AP,  takes  place  and  creates  the 
final  combustion  gases,  0,  in  particular.  The 
remaining  30  %  of  the  AP  sublime  into  H.]]  and 
HCIO4  which  react  exothermically  in  a 
premixed  flame  very  close  to  the  surface 
(about  1  micron),  Fig. 15. 

From  the  data  collected  in  [19]  the  change  of 
enthalpy  per  gram  of  AP  required  to  bring  the 
AP  to  its  surface  temperature,  Ts.afi  is 
estimated  as 

A  h,,„  =  0.31  (.13-293)  +  21  +  0.365 

(835-513)  +  .-.O  ^  0.328  (Ts,»,  -  835)  , 

=  266  +  0.3. .3  (T,,„  -  835)  cal/g  (1) 

where  the  he' t  of  transition  and  the  heat  of 
liquefaction  appear.  The  exothermic  condensed 
phase  degradation  involves  an  enthalpy  change 
of  [19] 

A  tit, a  •  -  380  cal/gram  of  reacting  AP.  (2) 

The  heat  of  sublimation  is  58  ±  2  kcal/mole 
or 

Ah  =  4’’6  to  510  cal/gram  of  subliming 
AP  (3) 

The  adiabatic  flame  temperature  for  the 
combustion  of  AP  alone  has  been  estimated  in 
[16]  to  be  Tj,  xp*'*  =  1205  K,  corresponding  to 
the  reaction 

NH4  CIO4  -*  0.265  Nj  +  0.12  NjO  +  0.23  NO  + 
1.62  HjO  +  0.76  HCl  +  0.12  Cl, 

+  1.015  Oj.  (4) 

The  Change  of  enthalpy,  A  hc,xr)  corresponding 
to  the  combustion  of  the  sublimed  NH,  and 
ECIO4  (to  give  the  combustion  products  of 
(4))  is  obtained  from  the  equation  expressing 
the  conservation  of  enthalpy  between  the 
'  unreacted  AP  at  initial  temperature  and  the 
combustion  products  dowstream  of  the  flame  : 

0.3  Ahc,,,  +  0,  (T,,*,*"  -  Ts,„)  +  0.3  Ah,,!,  + 


0.7  Ah[)^xp  +  Ah  E,xp  =  0. 


I 
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Fore,  •  0.3  value  taken  in  [19]  it  is  found 

=  *  850  to  -  885  cal/gram  of  reacting 
AP,  (6) 

depending  on  the  value  adopted  for  the  heat 
of  sublimation,  476  or  510  cal/g,  and 
independently  of  the  value  of  Ts,ap  in  the 
range  found  in  [19], 

It  should  be  noticed  that  the  value  given 
here  for  the  transformation  of  the  AP  into 
gases  {that  is  NH3  and  HCIO4  for  the 
subliming  30%  and  the  combustion  gases  of  (4) 
for  the  70%  reacting  in  the  condensed  phase), 
namely 

-  Q.  =  0.3  (476  to  510)  +  0.7  (-  380) 

=  -  123  to  -  113  cal/g  of  AP,  (7) 

is  also  found  in  [10],  where  a  model  for  the 
combustion  of  AP  similar  to  that  of  [19]  is 
adopted.  The  heat  evolved  in  the  condensed 
phase  Q,  (  >  0  if  exothermic)  will  be  set 
equal  to  120  cal/g. 

One  last  check  of  consistency  can  be 
performed  :  with  the  enthalpy  of  formation  of 
AP  at  hV  =  ■  682  cal/g  and  that  of  the 
combustion  products  of  (4)  h^cp  =  ■  877 
cal/g,  an  overall  energy  balance  between 
initial  AP  and  combustion  products  is 

t  ^l^cp  -  Uortho  To  +  h^xp  (8) 

resulting  in  !(,«.  =  1215  K,  close  enough 

to  the  previous  value. 

3.  Surface  pvrolvsis  of  the  AP 

Attempts  to  measure  the  surface  temperature 
give  values  between  670  and  973  K.  These 
results,  obtained  either  using  thermocouples 
imbedded  in  the  AP  pellet,  or  by  measuring 
the  radiation  emitted  by  the  surface,  are 
always  associated  with  some  uncertainty  due 
to  the  operating  methods.  In  effect,  the 
large  size  of  the  thermocouples,  in  relation 
to  the  temperature  gradients  encountered, 
favors  errors;  further,  the  measurement 
represents  an  averaging  of  surrounding 
conditions.  The  temperatures  thus  obtained 
are  therefore  probably  somewhat  lower  than  in 
reality.  In  the  case  of  experiments  using  an 
optical  technique,  the  surface  temperature  is 
deduced  from  measuring  the  radiation  emitted 
by  the  latter  and  transmitted  by  the  gaseous 
layer.  The  disturbance  caused  by  the 
radiation  of  the  gases  and  the  screening 
action  of  the  flame  limits  the  application  of 
this  method  to  60  atm.  That  is  why  the 
original  technique  suggested  by  Seleznev 
[23],  and  carried  using  a  sapphire  light 
guide  inserted  in  the  solid  substance  and 
reading  of  the  infra-red  emission  in  the 
direction  of  the  condensed  phase,  has  the 
considerable  advantage  of  providing  a  direct 
measurement  of  the  radiation  emitted  by  the 
surface,  without  any  hot  gases  and  the 
reaction  of  the  flame  being  interposed.  Its 
application  can  therefore  be  extended  to  high 
pressures  and  the  measurements  appear  to  be 
more  convincing.  These  results  enable  to 
determine  the  AP  pyrolysis  law. 

Further,  estimates  of  the  AP  melting 
temperature  are  put  forward  by  a  number  of 
authors;  the  values  suggested  vaiy  from  715 
to  865  ±  20  K  and  are  useful  in  interpreting 
the  extinction  phenomenon  at  low  pressure. 
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The  pyrolysis  law  of  the  AP  is  written  as 

-  Pap  Vbxp  =  As,xp  exp  [-  Eg.xp  /  RT,]  (9) 

The  parameters  characterizing  the  pyrolysis 
law  are  determined  so  as  to  obtain  a  good 
agreement  between  the  rates  and  the  surface 
temperatures  measured  by  Seleznev  [23]  (Fig. 
16).  The  activation  energy  obtained  is  20 
kcal/molo,  a  figure  compatible  with  the 
various  estimates  encountered.  The 
measurement  of  the  surface  temperature  made 
at  40  atm  is  the  only  one  which  deviates  from 
that  computed  by  the  pyrolysis  law  used.  On 
the  other  hand,  for  the  critical  rate  of  0.27 
cm/s  obtained  at  20  atm  (AP  combustion 
pressure  limit),  this  law  allows  for  a 
surface  temperature  of  830  K,  corresponding 
to  the  assumed  AP  melting  temperature  [19]. 


&ip*ftmtni*lriMaMS€lE2NEV 

Fig.  16  PTROlrSIS  LAW  FOR  AMMONIUM  PERCHLORATE 


4.  Flame  structure  of  the  AP  combustion 

The  approach  of  [19]  considers  14  different 
reactions  to  describe  the  flame  zone  of  the 
AP,  involving  30  %  of  the  material  sublimed 
into  HHj  and  HClO,.  An  overall  second  order 
reaction  is  then  obtained 

HHj  +  HCIO4  -»  products  of  Eq.  (4) 

with  an  activation  energy  of  E,,«  =  15 

kcal/mole . 

A  simplified  model  can  be  constructed  if  one 
assumes  the  flame  thickness  to  be  very  small 
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as  compared  to  the  stand-off  distance  from 
the  surface  [20,21,22].  The  conservation  of 
energy  is  then  ruled  by 

A  c,  dT/dx  -  d(>.,  dT/dx)/dx  =  0  (10) 

with  boundary  conditions 

T  =  T,  at  X  =  0  ,  X,  dT/dx|,  =  A  Qe  (11) 

with  A  =  Pip  and  Q,,  the  heat  required  to 
bring  the  AP  from  Tp  to  gases  from  the 
surface,  see  Eq.  (1)  and  Eq.  (7), 

Qc  -  dha^j^p  -  Qg 

The  temperature  profile  is  then 

T  =  T.  +  (Qc/C,)  [exp  (A  x  c,/X,)  -  1]  (12) 

When  T  =  ?(,«.*''  the  flame  stand-off  distance 
is  reached 

X(  =  (X,/Ac,)  In  [1  +  c,  (Tj.gp"*  -  T.)  /  Q.] 

(13) 

Equation  (5)  for  the  overall  enthalpy  balance 
can  be  written 

=9  (Tf.AP*”  -  T.)  +  Qp  =  0,, 

Qg  “  "  0.3  y  0 

and  the  relation  for  Xf  becomes 

X,  =  (  X,  /A  c,)  ln{Q,/Qc)  (14) 

The  flame,  being  premixed,  is  controlled  by 
the  chemical  kinetics  and  the  time  required 
for  the  reaction  to  occur  can  be  expressed  as 

-  P, 

A  being  the  reaction  rate 

*  -  P*  A,,„  exp  (  -  E,,„/RT,,„*'‘  )  (15) 

The  flame  stand-off  distance  is  then  : 

X(  .  V,  tpfc  .  (  A/p,)  Tph  .  A  /  *  (16) 

This  combined  with  Eq.  (14)  results  in 

A  -  [  (  X,/c,)  A  In  (Q„/Qp)]  (17) 

and  thus  for  a  second  order  reaction  as  in 
(15)  a  pressure  exponent  in  A.  p"  close  to  1. 


P«p 

X.95  g/cm^ 

Es,»p 

= 

20  kcal/mole 

= 

96000  g/cm*  s 

®9,AP 

s 

650  g/cm’  s  atm’ 

y 

r 

30  % 

= 

0.3  cal/g  K 

— 

1.9  10‘*  cal/cm  s  K 

Values  considered  as  representative  for  tbe 
AF  flame  zone. 

Taking  into  account  the  various  values  given 
it  is  obtained  for  v^  =  10  mm/s  (Tg.w  -  925 
K)  the  flame  stand-off  distance,  Eq.  (14), 
(Q,  =  265  cal/g  ,  Q,  =  175  cal/g)  Xj  =  1.3 
pm. 

The  only  input  data  which  is  not  defined  from 
outside  considerations  is  the  pre-exponential 
factor  A,,tp  used  as  a  floating  parameter  for 
the  model.  Various  numerical  values 
associated  with  the  input  parameters  of  the 
model  are  brought  together  in  the  above 


table.  Just  by  the  choice  of  the  prefactor 
A,, IP  adjusted  at  650  g/cm’  s  atm^,  the  model 
satisfactorily  reproduces  variations  in  the 
AP  burning  rate  due  to  pressure  as  well  as  to 
the  change  in  the  initial  temperature  of  the 
product.  Figure  17  provides  a  comparison  of 
computed  rate  curves  with  experimental  points 
[21]. 


ErpefimerttAi  r»<)uns  from  BOGGS 


17  BUBNINO  RATE  OF  AMMONIUM  PERCHLORATE 
AT  DIFFERENT  INITIAL  TEMPERATURES 

At  sufficiently  high  pressures,  the  energy 
transmitted  from  the  flame  toward  the 
surface,  to  which  must  be  added  the  effect  of 
the  superficial  exothermic  reactions, 
maintains  the  surface  temperature  above  the 
AP  melting  point.  When  the  pressure  falls, 
the  premixed  flame  moves  away  and  the  surface 
temperature  can  then  fall  below  the  limiting 
value,  thus  causing  the  disappearance  of  the 
liquid  surface  layer  which  was  enabling  the 
exothermic  reactions  to  occur.  The  energy 
from  the  flame  is  then  much  too  small  to 
maintain  a  pyrolysis  which  has  become 
strongly  endothermic  and  AP  no  longer  burns. 
This  minimum  pressure,  beyond  which  the 
combustion  cannot  propagate  Itself,  sets  the 
pressure  limit  for  AP  self-degradation. 


On  the  basis  of  this  hypothesis,  the 
combustion  pressure  limit  is  reached  when  the 
surface  temperature  is  equal  to  the  AP 
melting  temperature .  It  is  interesting  to  use 
the  model  in  order  to  follow  the  variation  of 
the  computed  limiting  pressure  with  the 
initial  temperature.  At  atmospheric 
temperature,  the  combustion  limit  is  20  atm, 


M4 


In  agreement  with  experimental  results .  The 
critical  rate  of  0.27  cm/s  and  the  surface 
temperature  of  B30  K,  representing  the  AP 
melting  temperature,  corresponds  to  it.  The 
computation  method  consists,  for  the  initial 
temperature  varying  between  0  and  200*  c,  in 
finding  for  what  pressure  the  surface 
temperature  is  equal  to  830  K.  A  comparison 
between  the  computed  and  experimental 
pressure  limits  is  excellent.  Fig.  18,  and 
confirms  the  soundness  of  the  hypothesis 
follow  ng  which  AP  only  burns  if  the  surface 
temperature  exceeds  its  melting  temperature. 

One  further  set  of  results  is  presented. 
Questions  have  been  raised  about  the 
combustion  of  AP  at  high  pressures  above 
about  100  atm,  with  many  conflicting  results. 
Measurements  of  burning  rates  on  carefully 
inhibited  samples  are  presented  on  Fig.  19. 

It  is  concluded  that  no  strong  change  of 
combustion  regime  is  observed.  The  model 
based  on  the  above  presented  hypothesis  seemsoi 
to  follow 
pressures. 
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Tile  combustion  of 
HMX,  which  has 
balanced  oxidizing 
and  combustible 
elements  (to  reach 
C0,H20  and  Nj)  and 
a  combustion 
temperature  of 
3280  K,  is 
controlled  by 
processes  in  the 
condensed  phase 
as  well  as  in  the 
flame  zone. 
Information  about 
these  processes  is 
to  bo  found  in 
references  [24  to 
31]  (also  [21]). 


1.  Condensed  phase  processes 
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[24,29].  A  fairly  extensive  review  is  given 
in  Ref.  [25].  Results  obtained  around  the 
(assumed)  melting  temperature  are  indicated 
on  Fig.  20,  with  the  kinetics  extracted  for 
a  reaction  order  of  1. 

The  condensed  phase  properties  considered  to 
be  representative  are  indicated  below 


Pp  =  1.9  g/cm^,  Cp  =  0.33  cal/g  K 
-  \/Pf  Cp  =  1  10"^  cm*/s 
(also  found  from  thermocouple  traverses) 
kp  =  6.3  10"*  cal/cm  s  K 


The  kinetics  of  the  decom  osition  of  HMX  can 
be  obtained  by  differential  thermal  analysis 


Condensed  phase  properties  (average  in  the 
thermal  wave)  for  HEX  [31]. 

Another  technique  to  obtain  the  decomposition 
kinetics,  at  somewhat  higher  temperatures,  is 
through  ignition  tests,  by  exposing  the 


1 


sample  to  a  given  surface  heat  flux  and  rm 
detecting  the  delay  for  the  first  exothermic 
ignition  reaction  (rapid  deviation  of  the 
surface  temperature  from  that  of  an  inert  imo 
material).  The  results  are  seen  on  Fig.  21 
and  confirm  those  obtained  by  DTA  (the  first  '** 
method  gives  a  good  estimate  of  the 
activation  energy,  whereas  the  ignition 
experiments  are  better  for  estimating  the  imo 
prefactor) .  All  these  results  correspond  to 
an  irreversible  thermal  decomposition  of  the  'o« 
HMX  bonds  with  no  influence  of  the  pressure. 

MO 

Finally,  the  investigation  of  the  condensed  ^ 
phase  processes  under  combustion  is  carried 
out  by  determining  the  temperature  profile  «« 
through  the  combustion  wave  by  use  of  micro¬ 
thermocouples.  As  was  seen  on  several  no 
occasions  the  thermal  wave  thickness  is  : 


=  In  10»  dp  /  Vk  (1) 

that  is,  in  the  case  of  Fig.  22,  e„„d.  ■  220 
pm.  The  thermocouple  junction  has  to  be  very 
small,  in  the  present  case  5  pm  platinum 
wires  are  welded  end  to  end  by  electric 
discharge  with  the  junction  at  about  this 
size.  A  measurement  of  the  thermal 
diffusivlty  is  also  obtained,  close  to  that 
indicated  in  the  above  table. 

The  relationship  between  the  surface 
temperature  (obtained  from  measurements  such 
as  that  of  Fig. 22)  and  the  burning  rate  is 
displayed  on  Fig.  23.  Scatter  of  the 
measurements  is  hard  to  avoid  (about  50  K). 
Also  indicated  are  thermocouple  results  from 
reference  [28].  The  pyrolysis  law  is  also 
established  from  the  decomposition  kinetics 
obtained  by  DTA  and  by  ignition  experiments, 
making  use  of  the  approach  mentioned  for 
double-base  propellants  as  well  as  for  inert 
binders  according  to  which  [8],  for  a  first 
order  reaction, 

=  (dp/«:)  Ap  exp(  -  rc)/ 

[(  -  In  Yp,.)  (1-T,/T.  -  Q./CpT.)  +  Q./CpT.] 

(2) 

%  =  Ep  /  RT,  and  Q,  is  the  heat  evolved  in 
the  superficial  reaction  layer  of  the  HMX; 
its  value  will  be  seen  next.  The  amount  of 
HMX  at  the  surface  Yp,,  is  set  at  0.01.  It  is 
seen  that  there  is  continuity  between  the 
decomposition  (thermal  breaking  of  the 
chemical  bonds,  with  probably  no 
participation  of  the  vaporization  of  the  HMX) 
under  DTA  conditions,  •  550  K,  for  ignition, 
from  600  to  700  K,  and  under  combustion,  up 
to  900  K.  This  conclusion  on  such  a 
continuity,  which  is  not  a  priori  guaranted, 
was  also  reached  for  double-base  propellants. 

From  the  temperature  profiles,  as  on  Fig.  22, 
the  heat  evolved  in  the  condensed  phase  can 
be  evaluated  by  use  of  the  relation 

k,  dT/dxl,  =  PpVp  [c,T,  -  CpTo  -  Q.]  (3) 

with  Q,  >  0  if  exothermic.  The  results  of 
Fig. 24  show  that  indeed  the  transformation  of 
HMX  into  gases  is  exothermic.  The  energy 
absorbed  by  the  breaking  of  the  HKX  bonds  is 
more  than  compensated  by  exotharmic  reactions 
taking  place  in  the  superficial  degradation 
layer  probably  between  NOj  and  HCHO  (see 
further  for  the  identification  of  these 
gases).  This  mechanism  was  already  observed 
for  double-base  propellants. 
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Fig,2i  HUTEVOLVEPINTHICONOeNMOniASeOf  HMX 

Experiments  have  been  performed  [7]  by 
maintaining  the  linear  regression  (at  about 
1  mm/s)  of  HMX  samples  with  an  external  heat 
flux  (radiation  or  contact  with  a  heated 
plate)  under  vacuum  so  as  to  avoid  any  gas 
flame.  The  sampled  gases  are  then  analyzed  by 
mass  spectrometry.  The  following  table 
indicate  the  results. 
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NO}  HO  N}0  N}  COj  CO  H}0 

H}  HCHO 

HCK 

100  ; 

22.2  17.5  19.1,  3  1.4  1.6  3.7 

0.1  14.1 

16.8 

59  % 

31  % 
_ 1 

Gases  evolved  froa  the  surface  of  ma.Mass 
fractions  [7]. 

It  is  seen  that  the  initial  degradation 
produces  probably  KOj  and  N2O  in  similar 
simounts  and  HCHO  and  HCN.  See  also  for  such 
conclusions  reference  [32].  Exothermic 
reactions  involving  NOj  occur  in  the 
superficial  degradation  layer  to  give  a  large 
amount  of  NO.  Results  in  rough  agreement  with 
those  of  the  above  table  have  also  been 
obtained  in  Ref.  [33]  with  an  infra-red 
analysis  technique. 

2.  Gas  phase  behavior 

The  production  from  the  condensed  phase  of 
HMX  of  several  oxidizing  gases,  NO},  N2O  and 
NO  ,  can  create  a  two-stage  flame.  This  was 
seen  to  be  the  case  for  double-base 
propellants  for  which  NO}  and  NO  are  created 
in  the  condensed  phase  :  the  primary  flame 
involves  NO}  and  the  secondary  flame  NO; 
above  -  200  atm  the  two  flames  merge  into 
one.  In  the  case  of  HMX,  observation  at 
pressures  around  1  atm  reveals  the  existence 
of  a  dark  induction  zone  and  a  detached 
luminous  flame,  similar  to  those  of  double¬ 
base  propellants .  Also  the  micro-thermocouple 
traverses  below  about  10  atm,  such  as  in  Fig. 

22,  show  a  plateau  in  the  temperature  profile 
at  about  2000  K,  much  below  the  final 
temperature  of  3280  K. 

The  burning  rate  of  HMX,  as  single  crystals 
or  as  pressed  samples,  obtained  in  Ref. [25] 
is  shown  on  Fig.  25.  The  evolution  of  this 
burning  rate  with  pressure  shows  that  around 
20  atm  a  pressure  exponent  of  about  1  is 
attained,  revealing  that  the  staged  flame  has 
collapsed  into  one  (as  in  the  case  of  double¬ 
base  propellants  above  about  200  atm). 

It  was  seen  in  the  chapter  on  double-base 
propellants  that  in  the  case  of  a  distributed 
flame  an  approximation  for  the  temperature 
profile  is 

(T,  -  T)/  (Tf  -  T.)  =  exp  {  -  x/x,) 
with 

Xf  =  >■  9,.  (T,  -  T.)  /A  Qc, 

0,.  =  c,  T.  -  Cp  T„  -  g.  (5) 

(at  Vp  =  10  mm/s  this  will  give  Xj  =  15  pm) 

and  the  burning  rate  becomes 

*  =  Pp  Vfc  =  [(b,  X,,.  (T,  -  T.)/  Qc) 

With  S>,  the  summed  reaction  rate  through  the 
flame  zone.  More  complete  descriptions  of  the 
flame  zone  can  be  found  in  references 
[23,30],  the  conclusions  of  which  are  ' 

essentially  those  which  can  be  extracted  from 
the  above  simplified  approach. 
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At  low  pressures  the  primary  flame,  involving 
NO}  in  a  first  order  reaction,  controls  the 
burning  rate,  with,  according  to  Eq.  (6),  a 
pressure  exponent  around  0.5.  At  higher 
pressures  the  collapsed  flame  is  probably 
dominated  by  a  second  order  reaction 
involving  NO  and  N2O,  with  a  pressure 
exponent  close  to  1. 

COMBUSTION  OF  COMPOSITE  PROPELLANTS 

This  chapter  is  devoted  to  the  description  of 
propellants  made  of  an  oxidizer ,  ammonium 
perchlorate  or  HMX,  and  a  binder,  inert  such 
as  polybutadiene  or  active,  a  mixture  of  a 
liquid  nitrate  and  a  polymer.  For  the  sake  of 
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clarity  only  these  two  categories  will  be 
considered,  the  main  point  being,  as  was  said 
in  the  introduction,  to  attempt  to  improve 
the  understanding  of  the  combustion  of 
propellants  rather  than  to  present  an 
extensive  catalog  of  results. 

1.  Comparative  picture  of  composite 
propellants  combustion 

Drawing  from  the  results  presented  previously 
for  the  various  components  the  comparative 
picture  of  AP-inert  binder  and  HMX-active 
binder  is  found  on  Fig.  26. 

The  combustion  of  AP  results  in  a  premixed 
flame  at  about  1  pm  from  the  surface  at  - 
1200  K  or  higher  .  From  this  flame  1  mole  of 
0}  comes  out  for  each  initial  AP  mole.  Prom 
the  binder  surface  at  nearly  the  same 
temperature  combustible  gases  are  ejected, 
which,  after  diffusion,  react  with  Oi.  As 
will  be  seen  further  on,  the  diffusion  flame 
height  is  related  to  the  AP  particle  size. 
The  smaller  the  particle  size  the  closer  is 
the  flame  and  the  higher  the  heat  flux  to  the 
surface  and  therefore  the  burning  rate  of  the 
propellant.  The  pyrolysis  of  the  inert  binder 
is  purely  endothermic  (heat  required  to  bring 
the  temperature  to  1100  K  and  heat  to 
decompose  it  into  gases).  In  the  case  of 
particles  of  a  few  tens  of  pm,  the  burning  of 
the  AP  being  close  to  adiabatic  (its  flame 
receives  some  heat  flux  from  the  final  flame, 
but  computation  results  show  that  there  is 
only  a  moderate  deviation  from  adiabatic 
conditions),  the  heat  flux  from  the  final 
flame  serves  primarely  to  keep  the  binder 
regressing. 

The  combustion  of  HMX  is  also  through  a 
premixed  flame,  about  15  pm  from  the  surface, 
reaching  the  final  stage  of  3280  K.  The  gases 
emitted  from  this  flame  cannot  sustain  any 
further  combustion.  The  active  binder  goes 
through  its  own  combustion,  with  a  primary 
flame  reaching  -  1550  K  some  50  pm  from  the 
surface.  The  final  flame  somewhat  further 
away  reaches  about  2000K.  There  is  no  direct 
interaction  between  the  two  components  of  the 
propellant.  The  burning  of  the  propellant  is 
then  an  average  of  the  individual  burning 
rates.  There  exist  however  an  indirect 
interaction  of  the  active  binder  on  the  HMX 
particles.  As  was  seen,  the  thermal 
properties  of  HMX  and  the  active  binder  are 
close  and  the  HMX  particles  are  immersed  in 
the  temperature  profile  of  the  binder.  Upon 
reaching  the  surface  the  top  of  the  particle 
is  at  about  700  K,  the  surface  temperature  of 
the  binder.  This  so  happens  to  be  very  much 
the  temperature  for  first  ignition  of  HMX 
(see  Fig.  21).  There  will  be  however  a 
transition  delay  of  the  HMX  particle  to  full 
combustion  for  which  its  surface  temperature 
is  about  900  K.  This  will  be  dealt  with  in 
more  details  further  on. 


burning  rate  from  the  components '  own  burning 
rates.  One  of  the  first  comprehensive  models 
for  composite  propellant  combustion  modeling. 
Ref.  [34],  had  a  picture  of  AP  and  binder 
burning  in  parallel  with  a  partitioning  of 
the  surface  between  the  two  Ingredients  and 
a  surface  averaged  propellant  burning  rate. 
This  view  is  also  found  in  Refs.  [35,36], 
with  Ref. [37]  being  a  complete  review  for  AP- 
inert  binder  propellants,  including 

references  preceding  the  work  of  [34].  A  view 
of  sequential  burning,  in  which  a  given  path 

a  goes  through  oxidizer 

particles  separated  by 
^  layers  of  binder,  with  as 

a  consequence  a  time 
averaged  propellant 
burning  rate,  was  first 
presented  in  Ref.  [39]. 
This  view  was  subscribed 
to  in  [40],  although  the 
details  have  since  then 
evolved  into  the  option 
presented  herein  (which 
seems  to  be  coherent  with 
the  latest  view  of 
M.  Beckstead  [42]). 
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Time-averaged  Averaging  of  the 

propellant  burning  components'  burning  rates, 
HMX  and  active  binder,  in 
Ref.  [38]  into  the 

propellant  burning  rate  is  obtained  by 
assuming  that  the  components  melt  and  mix  at 
the  surface  and  then  form  an  average  premixed 
gas  flame.  Due  to  the  very  small  thickness  of 
the  melt  (to  the  extent  that  melting  occurs) 
layers  (of  the  order  of  pro)  and  very  short 
residence  times  in  these  layers  (tenths  of 
ms)  it  is  believed  that  such  premixing  of  the 
components  should  not  take  place.  This  is 
also  the  conclusion  of  [42]. 

Finally,  in  the  recent  work  of  Ref.  [41]  a 
surface  average  is  operated  for  AP-binder 
interactions  whereas  a  time  average  HMX- 
binder  approach  is  adopted  within  the  same 
mixed  oxidizers  propellant. 

In  a  randomly  packed  arrangement  of  oxidizer 
spheres  of  diameter  D„,  with  the  average 
height  through  the  sphere  from  a  gijren 
direction  (perpendicular  to  the  surface)  h„, 
and  for  a  volume  of  1  cm*  on  the  surface  by 
1  cm  in  depth,  the  number  of  particles 
intercepted  along  1  cm  of  length  being  N, 
one  has  ; 


Nho,  1  cm*/Nhb  1  cm*  =  ?„,/(l-?o«) 


(1) 


with  hfc  the  average  binder  height  between 
particles  and  the  volume  fraction  loading 
in  oxidizer.  Then  it  comes  ; 


hb  -  ho„  (1-^ox)  /  ^o; 

and  due  to 


In  the  case  of  AP,  the  ignition  temperature  N(  ho,  +  hb)  =  1  cm 
is  around  650  K  and  the  surface  temperature 
for  full  combustion  is  around  900  K.  Immersed 
in  the  inert  binder  with  a  surface 
temperature  of  -  1100  K  the  AP  should  reach 
combustion  as  soon  as  it  is  uncovered  with  no 
transition  delay. 


N  -  ^ox/bo. 

For  a  propellant  burning  rate  Vb,p, 
to  run  through  L  cm  of  depth  is 


(2) 


(3) 


tne  time 


2.  Propellant  burning  rate  resulting  from 
components  rates. 

Various  approaches  have  been  presented  in  thv 
the  literature  to  build  the  propellant 


t  —  1/Vb,p  =  tp,t  +  tb  -  N  hp„/Vb,o, 

+  NAtp,  +  Nhb/  Vb,b  Atp,  (4) 

being  the  (possible)  transition  delay  to 
ull  combustion  after  the  top  of  the  oxidizer 
particle  has  reached  the  surface.  Then  the 
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propellant  burning  rate,  as  expressed  with 
the  component  burning  rates,  is,  with  Eg.  (3) 
taken  into  account, 

^  /'^b,p  -  ^ox/Vb,ox  t  ^ox^iox  h„ 

+  (1  -  lox)  /  (5) 

Consideration  of  a  sphere  being  traversed 
randomly  along  a  given  direction  leads  after 
some  computation  to  hp,  =  Dp,  (n  /4)’. 

In  the  case  of  AP-  inert  binder  propellants 
with  no  transition  delay  the  propellant 
burning  rate  is 

“  ?ox/Vb,XP  4(1“  ^ox)/'^b,b  (®) 

The  relationship  between  volume  fraction 
loading  |  and  mass  fraction  loading  a  being 

=  li  Pi/Pp  (7) 

=  1  ,  1/pp  =  Oox/Pat  +  (1  -  aox)/Pb  (8) 

that  is  for  example  for  an  88%  AP  -  12  %  PB 
binder  Pp  =  1.72  g/cm^. 

The  mass  burning  rate  of  the  propellant  is 

^p  ”  Pp  Vb^p 

and  Eg..  (6)  yields 

1/rf.p  =  Cox/Aw  +  (1  -  aob)/Ab  (9) 

In  the  case  of  a  propellant  loaded  with 
aluminum,  it  is  known  that  the  aluminum 
particles  are  ejected  from  the  surface 

(43,44]  (Ref.  [44]  being  an  extensive  review 
of  the  processes  of  aluminum  combustion)  and 
burn  at  several  hundreds  of  pm  from  the 

surface.  The  view  of  the  combustion  of 
aluminum  is  summarized  here. 

The  volume  fractions  being 

?ox,  lb,  1.1 

Eg.  (8)  becomes 

1/Pp  =  a„./pp,  +  Cb/Pb  +  a.i/p.i  (10) 

that  is,  for  example,  for  a  70%  AP,  20% 

aluminum  (p,i  =  2.7  g/cm’),  10%  PB  binder 
(Pb  =  0.91/cm’),  Pp  =  1.84  g/cm’. 

With  respect  to  the  burning  rate  of  the 

propellant  loaded  with  aluminum  it  is 
obtained  ; 

7/Vb,p  “  lox/Vb,ox  4  N.lhbi/Vb,.l 

4  N.i  At.i  +  ?b/Vb,b  (11) 

The  "burning"  rate  of  aluminum  can  be 
considered  as  infinite  since  it  is  ejected 
from  the  surface,  whereas  its  "transition 
delay"  is  the  time  for  the  binder  to  regress 
through  the  particle  height 

8t.i  =  h.i  /Vb.b 

Also,  for  each  component  N  ii  =  |  its  volume 
fraction  loading.  The  propellant  burning  rate 
becomes 

l/^b.p  “  lox/Vb.ox  4  ^b  /  '^b.b  4  ^.i/Vp.b  “ 

lox/Vb,ox  4  (1  -  §b,)  /  Vb,b  (12) 

that  is  the  relation  which  would  be  obtained 
for  a  corresponding  propellant  with  no 
aluminum,  with  the  binder  filling  in  for  it. 


Sketches  of  selected  frames  of  a  high  speed 
motion  picture  illustrate  a  protracted 
ignition-agglomeration  event  in  which  the 
hottest  portion  of  the  accumulate  inflames 
and  precipitates  the  complete  inflamation- 
agglomeration  of  the  (already  hot) 
accumulate . 

-  Aluminum  melts  at  930  K  (inert  binder  at 
1100  K)  (active  binder  at  700K) 

-  AljOj  protective  coating  melts  at  2300  K 
collapses  into  cap,  leading  to  inflamation 
of  A1  agglomerate  (several  10 's  of  pm) 

-  Aluminum  vaporizes  at  -  3300  K  and  reacts 
in  semi-spherical  flame  with  COj  from  AP- 
blnder  flame 

-  caps  gives  AljOj  particles  of  a  few  pm, 
spherical  flame  gives  AljOj  smoke  of  -  1pm. 


DESCRIPTION  OF  ALUMINtm  COMBUSTION 


From  an  energetics  point  of  view  the  modeling 
of  the  combustion  of  aluminized  propellants 
should  include  at  the  surface  the  heat  of 
fusion  of  aluminum  -  100  cal/g  of  Al.  One  can 
see  Ref.  [45]  for  such  an  approach. 

3  HMX-active  binder  propellants 

Both  HMX  and  the  active  binder  have 
independant  burning  rates.  The  resulting 
propellant  burning  rates  is  given  by  Eq.  (5), 
where  the  transition  delay  has  to  be 
evaluated. 

The  emerging  HMX  particle  offers  to  the 
external  heat  flux  the  surface  area  of  the 
sphere  cap  which  has  been  exposed  by  the 
binder  regressing  at  Vb,b  after  the  time  t 
from  first  appearance  has  evolved 

S  =  n  D„  (Vb,b  t) 

With  a  being  the  part  of  the  sphere  which  is 
heated  by  the  superficial  flux  0  ,  the 

temperature  rise  is 

a(PpCp)„clT/dt  (40/3)  (Dox/2)' 

=  0  n  Dq*  Vb,b  t  {i3) 

The  heat  flux  received  is  that  of  the  binder 
flame  when  the  particle  first  emerges  and  it 
transitions  to  that  of  the  HMX  flame  when  the 
particle  has  reached  full  combustion,  a 
transition  formula  being  assumed  to  be 

0  =  01,  4  [(T.(t)  -  T.,b)  /  (T.,„  -  T„b)] 

(0o.  -  0b) 
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with 


0OX,b  "  PpVfa  (CgT*  “  CpTo  "  Qg )  loXrb 

The  fraction  of  the  sphere  heated  by  the  flux 
is  taken  to  be,  with  K  finally  adjusted  at 
0.1, 

a  =  exp  {  -  K  D„/ep*) 

e.*  is  the  thermal  wave  thickness  for  which 
the  temperature  is  at  90%  of  its  surface 
value,  that  is,  sufficiently  close  to  it, 

(T  -  Tp)/(T,  -  To)  =  0.9 

=  exp(-ep»  vp.b/dp)  (14) 

When  Dog/e-*  -»  0  the  particle  i.:  vanishingly 
small  with  respect  to  the  thickness  of  the 
layer  at  about  the  surface  temperature,  a  -• 
1  and  the  particle  is  heated  in  its  entirety 
by  the  heat  flux.  If  Dp,  /Sp*  -♦  «  the 
particle  is  very  large  compared  to  the 
surface  layer,  a  -•  o,  it  is  heated  on  a 
vanishingly  small  part.  When  Dp,  =  ep«  ,  a  = 
0.9,  the  particle  is  immersed  in  the  binder 
layer  at  T  -  T,,i,  and  it  is  almost  totally 
heated  by  the  external  flux.  The  transition 
delay  from  Eg.  (13)  is  then 

itpx*  =  a(ppCp)p,(DpgV  3  Vb,t) 

[T.,0.  -  T.,p]/(0p,  -  0p)]  in  (0p,  /  0b)  (15) 

One  noteworthy  feature  of  this  relation  is 
that  the  transition  delay  is  proportional  to 
the  particle  size  Dp,,  in  such  a  way  that 
inserted  in  Eg.  (5)  it  renders  the  burning 
rate  insensitive  to  Dp,,  a  fact  which  is 
observed  experimentally  for  HMX-energetic 
binder  propellants  [40). 

Figures  27  and  28  show  two  examples  of 
propellant  burning  rate  laws  with  the 
corresponding  components  rates.  It  is  seen 
that  the  propellant  burning  rate  is 
intermediate  between  those  of  HMX  and  of  the 
binder  (its  being  close  to  that  of  the  binder 
at  pressures  under  100  atm  is  coincidental). 
The  model  presented  above,  and,  what  is 
Important,  the  mechanisms  it  takes  into 
account  (that  is  the  absence  of  diffuslonal 
interaction  between  the  components  and  the 
importance  of  a  transition  delay  for  the  HMX 
particles),  is  quite  representative  of  the 
experimental  results.  Some  of  the  details  of 
the  making  of  the  burning  rate  are  given  in 
the  following  table. 


PRESSURE 

20  atm 

100  atm 

250  atm 

Vb.b 

2,4  mm/s 

7,1 

14,5 

T.,b 

622K 

667 

698 

IHEHii 

4,5  mm/s 

17 

37,5 

^•,ox 

828K 

907 

962 

%  of 
burning 
time  due 
to  delay 

32  % 

16  % 

4  % 

— iLS— 

2,3  mm/s 

9,4 

22,7 

Clements  for  the  evaluation  of  the  burning 
rate.,  70%  HMX  -  30%  active  binder. 
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Fig.ZB  experimental  AND  COMPUTED  BURNMO  RATE 
OP  A  NITRAMME  BABED  PROPEUANT. 

It  is  seen  that  at  low  pressures  the 
transition  delay  has  a  strong  impact  and  the 
burning  rate  of  the  propellant  happens  to 
fall  close  to  that  of  the  binder.  At  high 
pressure  the  propellant  burning  rate  is 
nearly  the  time  average  of  the  components 
rates  (without  delay  the  average  at  250  atm 
is  24  mm/s) . 

It  is  observed  that,  for  a  given  HMX- 
energetic  binder  composition,  the  burning 
rate  law  is  locked  and  that  there  is  no  way 
to  tailor  it  (as  can  be  done  in  AP- inert 
binder  compositions  by  acting  upon  the 
particle  size).  Furthermore  the  pressure 
exponent  Is  too  high  to  be  acceptable  for  the 
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motor  operation.  Attempts  to  act  upon  the  HMX 
burning  rate  by  the  use  of  additives  have  not 
been  successful.  One  possibility  of  action 
however  is  with  additives  specific  to  double- 
base  propellants  I  lead  and  copper  salts  and 
carbon  black  ,  incorporated  in  the  active 
binder.  It  has  been  found  on  Fig.  10  that  a 
moderate  super-rate  effects  can  be  obtained. 
It  is  seen  on  Pig.  29  that  such  a  modified 
binder  associated  with  HMX,  and  after 
optimization  of  the  amount  and  of  the  size  of 
the  additives,  yields  a  burning  rate  law  with 
moderate  pressure  exponent  and  initial 
temperature  sensitivity. 
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Fig » 29  HMX •  Acnve binder propeixant with  Aoomves 

4 .  AP-inert  binder  propellants 

The  burning  rate  of  a  propellant  based  on  AP 
and  an  inert  binder  such  as  CPTB  is  thought 
to  be  described  by  the  averaging  rule  of  Eg. 
(9)  from  the  burning  rates  of  the  components. 
In  this  case  the  binder  has  of  course  no 
autonomous  burning  rate.  Its  regression  rate 
will  be  due  to  the  heat  flux  from  the 
diffusion  flame,  as  depicted  on  Fig.  26, 
between  Oj  from  the  AP  flame  and  the 
hydrocarbons  from  the  pyrolysis  of  the 
binder.  A  description  of  such  a  flame  is 
given  here. 

A  column  of  Oj  containing  gases  is  ejected 
from  a  particle  with  an  efficient  diameter 
I>*o«  proportional  to  at  a  velocity  v,, 
such  that  (lip  =  Po  V,.  This  column  is  consumed 
by  a  lateral  diffusion  characterized  by  a 
diffusion  velocity 

VdiK  =  Ad.0/  (D/2)  (16) 

U  being  the  local  diameter  of  the  column,  A^ 
soir.3  constant  of  order  1  and  (2)  the  diffusion 
coefficient  in  cm’/s.  The  variation  of  the 
column  diameter  is  then  given  by 

dD  =  -  2  Vdi,f  dt  ,  dx  =  v,dt 

D  dD  =  4  Ad  dx/v. 

Resulting  in 

Dox'^  =  8  Adoi  x,d/v, 

Xm  =  Do.’’  (Ip  /  8Ad  pil)  (17) 

When  the  lateral  diffusion  of  Ot  and 
hydrocarbon  gases  into  each  others  is  purely 
laminar  the  diffusion  coefficientoZ)  is 
expressed  as  ; 


^0O  7“  /  p  ,  p  >2>  =  ofi  „  T-*  /W  /R 

(with  the  equation  for  perfect  gases  P/P  = 
RT/  41)  being  used)  and  the  flame  stand-off 
distance 

x,d  =  D..-*  ill,  (R/«l5  /  8  Adi^o  T-'  (18), 

does  not  depend  explicitely  upon  the 
pressure.  In  this  limiting  case  and  due  to 
the  fact  that 
(lip  .  1/Xf,  it  is  obtained 

*ip  -  1/D„ 

independent  of  the  pressure  level  and 
strongly  dependent  on  the  particle  size 

As  will  be  seen  later,  it  has  been  found  that 
the  diffusion  flame  process  might  become 
turbulent  at  high  pressures  when  large 
differences  exist  between  the  mass  flow  rates 
emitted  from  the  AP  and  from  the  binder.  This 
conclusion  is  also  mentioned  in  reference 
[37] .  A  general  expression  for  a  turbulent 
transport  coefficient  is 

P(2)-  pu'  1 

with  u'  the  magnitude  of  the  fluctuating  gas 
velocity  and  1  its  scale.  It  is  then  assumed 

-  Do./ 2  ,  pu '  -  (fipx  -  (lib) 

that  IS  the  turbulent  enhancement  is  related 
to  the  difference  between  the  mass  flow  rates 
within  the  Oj  containing  column  and  in  the 
surrounding  gases.  Then  Eq.  (17)  becomes 

Xfd  =  Dbx‘»  fip  /  8  Ap  (p2>  )  (19) 

(P«5).f(  T“-‘  Wl/R 

+  K  (Db,/2)  (fib,  -  fib)  (20) 

where  K  should  be  of  the  order  of  0.1. 

An  extra  flame  thicltness  related  to  the 
chemical  time  for  the  completion  of  the  Oj- 
hydrocarbons  reaction  should  be  talten  into 
account.  From  the  chapter  on  AP,  Eq.  (16),,  it 
is  obtained 

X(r  =  fip  /  A,  p’  A,, I  exp  (-  E,,t  /  RTf)  (21) 

the  characteristics  being  related  to  the 
final  Oj-hydrocarbons  flame. 

The  stages  of  the  combustion  of  an  AP 
propellant  are  shown  on  Fig. 30,  which  is  to 
be  seen  side  by  side  with  Eq.  26  for  the 
corresponding  values.  The  usually  made 
description  of  this  flame  structure  is  to 
assume  very  thin  flames,  treated  as 
discontinuities  [34,35,36],  The  temperature 
profiles  are  then  ruled  by  the  equation  for 
conservation  of  energy 

q  -  X*  dq/dx  =  0 

q  a  l,,dT/dx  ,  x*  £  X.,/fip  o, 

with  the  solution  between  two  positions  x  and 
Xj  given  by  : 

q  =  q,  exp  [  (x  -  Xj  )  /  x*  ] 

The  final  flame  being  a  discontinuity  where 
the  energy  Qc  is  deposited,  the  heat  flux 
from  this  flame  toward  the  surface  is  (no 
flux  goes  to  the  outside  of  the  flame) 
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Fig.  30  STAGES  OF  AN  APTNEKT  BiNOER  FNOFELLAHT 
<If  =  *p  Qfi 

thus 

q(x)  =  Up  Q,  exp  [(x 
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The  mass  regression 
then  given  by 


*1)  Qc.b  =  q,  =  dip  Qf  exp  (-  X(/x'] 


■  X,)  /  x»  ]  (22) 

rate  of  the  binder  is 


(23) 


where  the  constituting  elements  of  this 
relation  have  been  seen  in  the  chapter  on 
inert  binders.  It  should  be  noticed  that  to 
simplify  the  description  a  uniform  mass  flow 
rate  i(ip  is  taken  in  the  gas  phase  above  the  "* 
binder  and  the  AP  flame. 

The  mass  burning  rate  of  the  AP.  referring  to  ® 
Eqs.  (13  and  17)  of  the  corresponding 
chapter,  is 

« 

Aw  =  {(Vc?)  V  In  [1  +  0,  (Tf.xp  -  Ts.*p);  / 
QcAp])’’  (24)  « 

wl 

20 

*  p’  ft,.AP  exp  [-  E,,*p/RT,,„] 

Now,  due  to  the  fact  that  the  AP  flame  " 
receives  a  heat  flux  from  the  final  flame, 
the  flame  temperature  is  no  longer  the 
adiabatic  temperature  (T,  «.“*'  =  1205  K)  It 
is  given  by 

Aw  n,  (T{,u,  -  T,,jp)  +  i(i„  Qc,m 

-  A»p  Qg,jp  +  qi,xp 
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Fig.  31  AP-INERT  BMDER  PROPELLANTS. 
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(25) 

(22),  the  heat  flux  from  the 
main  flame  into  the  AP  flame 

<Jf,w  =  Ap  Q,  exp  [(x,,„  -  x,)/x*] 

Results  for  the  burning  r  \te  of  AP-CTPB 
propellants  are  indicated  oi.  Fig.  31,  where 
®®®n  a  strong  influence  of  the  AP 
size.  The  model  described  above,  and 
what  is  important  the  mechanisms  ic  contains, 
gives  a  satisfactory  account  of  these 
results. 

very  small  AP  particle  sizes  the 
*inal  flame  is  mostly  dominated  by  the 
chemical  process,  very  sensitive  to  pressure, 
as  is  the  AP  flame.  This  results  in  a 
variation  of  the  burning  with  a  pressure 
exponent  close  to  1. 


•«%AF.jo%cn>i 

BURNINO  RATE  (COMFUTEO  RESULTS)  VS  AP  FARTICIE  SIZE 

For  large  particle  sizes  the  final  flame  is 
dominated  by  the  diffusion  process,  which  is 
insensitive  to  pressure.  This,  combined  with 
the  pressure  dependant  flame  of  the  AP,  see 
Fig.  26,  gives  rise  to  a  propellant  burning 
rate  which  is  moderately  sensitive  to 
pressure.  It  is  found  in  the  modeling  that 
the  contribution  of  the  turbulent  diffusion, 
see  Eq.  (20),  becomes  important  above  about 
IvT  atm.  However  above  300  to  400  atm  the 
burning  rate  of  the  propellant  undergoes  a 
sharp  exponent  break  that  the  model  cannot 
follow.  In  some  references  this  exponent 
break  has  been  assumed  to  be  due  to  the 
burning  rate  of  the  AP  which  would  also 
increase  sharply,  it  has  been  seen  on  Fig.  19 
that,  when  the  samples  are  carefully 
inhibited,  this  is  not  the  case. 

The  strong  influence  of  the  AP  particle  size 
upon  the  propellant  burning  rate,  as 
expressed  by  the  modeling,  is  also. shown  on 
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Fig.  32.  It  is  seen  that  at  about  1  iim  there 
IS  no  further  gam  in  the  burning  rate.  This 
is  due  to  the  fact  that  there  will  always 
exist  a  non  vanishing  flame  stand-off 
distance  related  to  the  chemical  time  for  the 

Oj-hydrocarbons  reaction. 

On  Fig.  33  the  b-'ming  rate  computed  from  the 
mechanisms  modelea  aS  described  above  is 
compared  to  results  from  the  literature 
[35,36]  for  mixed  AP  pal  tide  sizes.  The 
agreement  is  adequate  for  the  larger  particle 
sizes  and  qualitative  for  the  small  ones 
(Now,  how  representative  are  the  particle 
sizes  indicated  ?).  This  reveals  that  the 
physico-chemical  features  incorporated  in  the 
model  of  the  AP-inert  binder  propellant  are 
probably  sound.  However,  once  a  .aodel  has 
been  "tuned"  to  represent  a  set  of 
experimental  results,  as  on  Fig.  31.  it 
cannot  be  expected  that  it  will  "predict" 
accurately  other  results  for  different  values 
of  the  parameters. 

It  has  been  seen  that  by  acting  upon  the  AP 
particle  size  it  is  possible  to  tailor  the 
burning  rate  of  the  propellant,  but  that 
there  exist  a  limiting  size  below  which  the 
effect  will  be  non  existent.  Fig.  32.  It  is 
possible  to  gain  further  by  incorporating 
metallic  additives.  Fig.  34,  such  as  the 
ferrocenic  type  (which  during  processing  will 
dissolve  into  the  not  yet  cross-linked  binder 
for  a  proper  mixing) .  Various  results,  and  in 
particular  the  similarity  of  action  of  a 
silicon  binder  which  produces  on  the 
propellant  surface  a  fine  structure  of  SiOj 
residue,  indicate  that  the  mode  of  action  is 
physical  (rath'r  than  catalytic,  in  the  sense 
of  enhancing  some  chemical  reactions).  The 
layer  of  residue  deposited  on  the  surface  has 
probably  a  flame-holding  effect,  the  gases 
flowing  in  tortuous  paths  through  this 
residue  will  react  closer  to  the  surface  in 
such  a  way  that  an  enhanced  heat  flux  will 
act  on  the  surface. 


CONCLUSIONS 

A  review  has  been  presented  of  the  combustion 
mechanisms  of  components  and  of  solid 
propellants.  Some  noteworthy  points  are 
stressed  here. 

Double-base  propellants  and  active  binders  : 
a  fairly  good  knowledge  of  the  processes  in 
the  condensed  and  gas  phases  has  been 
acquired.  The  main  point  is  the  presence  of 
a  two-flame  system,  involving  NOj  -*  NO  -*  Nj, 
collapsing  into  one  flame  above  200  to  300 
atm.  Specific  additives  (lead  and  copper 
salts  and  carbon  black)  have  a  true  chemical 
interaction,  the  enhancement  of  the  NO-carbon 
reaction,  bringing  some  of  the  energy 
normally  evolved  in  the  second  flame  closer 
to  the  surface.  This  knowledge  carries  over 
to  the  active  binders,  which  are  however  less 
prone  to  super-rate  effects  because  they 
produce  less  structured  carbon  residue. 

Inert  binders  not  so  many  reliable 
pyrolysis  measurements  have  been  performed  on 
actual  binders.  It  has  been  shown  (from 
comparisons  for  a  number  of  materials)  that 
the  pyrolysis  characteristics  obtained  at  low 
heating  rate  (by  thermogravimetric  analysis 
or  differential  scanning  calorimetry)  should 
extrapolate  and  apply  under  combustion 
conditions.  The  pyrolysis  is  a  thermal 
breaking  of  the  cross-links  and  of  the 
polymer,  not  affected  by  additives. 
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AP  ■  INERT  BINDER  PROPELLANTS  WITH  ADDIUVES 

AmiaoniuiTi  perchlorate  :  it  is  believed  that 
the  mechanism  of  combustion  is  properly 
known.  A  large  amount,  about  70%,  of  the  IP 
exothermically  decomposes  in  a  thin  (•  1  pm) 
condensed  phase  superficial  layer,  the 
remaining  30%  sublimes  into  NHj  and  HCIO* 
which  react  in  a  flame  very  close  (-  1  pm)  to 
the  surface.  Due  to  the  thickness,  and  the 
very  short  residence  time  associated,  of 
these  zones,  additives  have  no  true  catalytic 
(i.e.  chemical)  action. 

HMX  the  combustion  of  HHX  (or  RDX)  is 
qualitatively  comparable  to  that  of  a  DB 
propellant,  with  the  occurence  of  two  flames. 
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involving  NOj  and  NjO/NO.  However  above  20 
atm  these  flames  collapse  into  one  and 
therefore  it  is  not  possible  to  induce  super- 
rate  effects  with  specific  additives,  as  was 
the  case  for  DB  propellants  Also,  additives 
which  were  hoped  to  accelerate  the  melting- 
decomposition  of  HMX  fail  to  act  under 
combustion  conditions. 

AP  or  HMX  (RDXl- inert  or  active  binder 
(aluminum)  propellants  : 

the  approach  believed  to  describe  adequately 
the  combustion  of  composite  propellants  is  a 
sequential  one.  When  following  a  path  through 
the  propellant,  it  meets  successively  the 
combustion  of  the  oxidizer  particles  and  of 
the  binder  layers. 

In  the  case  of  AP- inert  binder  propellants, 
the  propellant  burning  rate  is  an  average  of 
the  components '  rates .  However  an  interaction 
flame  between  0]  from  AP  and  hydrocarbons 
from  the  binder  enhances  the  rate  of  AP  and 
allows  the  pyrolysis  of  the  binder.  The 
burning  rate  of  the  propellant  can  be  quite 
widely  tailored  by  reducing  the  AP  particle 
size  and  further  by  adding  metallic  compounds 
which  leave  an  oxyde  residue  layer,  the 
action  of  which  is  likely  to  be  a  flame 
holding  effect,  i.e.  a  physical  action. 
Aluminum  Incorporated  in  such  propellants  of 
course  increase)  the  final  temperature  by  as 
much  as  lOOOK,  but  its  combustion  is  so  far 
from  the  surface  that  it  does  not  influence 
the  regi.jssion  rate  of  the  propellant. 

In  the  case  of  HMX-activn  binder  propellants 
both  components  have  autonomous  burning 
rates.  The  resulting  propellant  burning  rate 
is  the  average  of  the  two  rates,  with  a 
further  slowing  down  due  to  the  fact  that  the 
HMX  particles  upon  reaching  the  surface  have 
to  undergo  a  transition  to  full  combustion. 
This  delay  is  of  importance  up  to  roughly  150 
atm;  above  it  tends  to  become  negligible.  No 
additives  have  been  found  to  act  on  HMX  and 
additives  of  the  DB  type  act  only  moderately 
on  the  active  binder.  The  tailorability  of 
HMX-active  binder  propellants  is  therefore 
more  limited  than  for  AP  propellants. 

Further  trends  on  new  ingredients  are  related 
in  the  first  place  to  the  need  to  reduce  the 
vulnerability  of  missile  motors  employing 
solid  propellants  to  various  aggressions  : 
"cook  off"  due  to  fires,  bullet  or  fragment 
impact,  "sympathetic  detonation".  Another 
emerging  concern  is  that  of  the  pollution 
caused  by  the  large  boosters  of  space 
launchers,  using  AP-inert  binder-aluminum 
propellants,  with  production  of  HCl  and  AI2O) 
smoke . 

These  considerations  have  led  to 
reconsidering  ingredients  sue  as  ammonium 
nitrate,  NH4NO3,  discarded  previously  as 
being  insufficiently  energetic,  and  to 
introducing  energetic  binders  such  as  GAP, 
glycidil  azide  polymer  (containing  the  Hj 
group,  inducing  an  exothermic  decomposition), 
or  oxidizers  containing  the  NO2  group  while 
being  less  sensitive  than  HMX  or  RDX. 

It  is  hoped  that  the  large  amount  of 
information  gathered  and  the  understanding 
acquired  about  the  already  used  propellants 
ingredients  will  allow  an  efficient  approach 
to  the  mastering  of  the  behavior  of  the  new 
ingredients  and  the  corresponding 
propellants . 
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ABSTRACT 

In  the  modelling  of  steady-state  burning  of  composite  propellants  under  zero  cross-flow  situations,  a 
comprehensive  review_was  made  by  Prof.  K.N.R.  Ramohalli  of  the  University  of  Arizona,  as  Chapter  8  of  a 
recent  AIAA  Progress  Series  volume  entitled.  Fundamentals  of  Solid  Propellant  Combustion,  edited  by 
Profs  K.K.Kuo  and  M.Summcrfield  Also,  an  excellent  chapter  on  "Steady-State  Burning  of 
Homogeneous  Propellants”,  was  contributed  by  Dr  G.Lengelle  and  co-workers  in  the  same  book  volume. 
The  contents  of  their  chapters  will  be  used  as  the  key  material  for  presentation  in  the  first  lecture  topic.  For 
the  combustion  of  composite  propellants,  certain  basic  aspects  related  to  solids  loading,  particle  size  and 
shape,  binder  type,  processing  influences,  and  the  vapor  phase  mechanics  will  be  briefly  mentioned  m  an 
effort  to  develop  a  feeling  for  the  composite  propellant  system.  Typical  burn-rate  influences  of  ingredient 
and  processing  variations  will  bo  mentioned.  The  majority  of  the  discussion  focuses  on  the  most  widely 
used  type  of  composite  propellant.  Ammonium  perchlorate  (AP)  as  an  oxidizer  with  inert  hydrocarbon 
binder  systems.  TTie  thorough  analysis  of  AP  combustion  by  Oiurao  and  Williams,  the  granular  diffusion 
flame  model  of  Summerfield,  the  Hermanee  model,  the  Beckstead-Derr-Pnee  model,  and  the  petite 
ensemble  model  will  be  desenbed.  More  recent  statistical  analyses  of  polydisperse  heterogeneous  systems 
will  also  be  presented 

For  homogeneous  propellants,  the  key  process  which  control  the  burning  rate  will  be  discussed.  The 
theoretical  formulation,  which  includes  governing  equations  for  both  solid  and  gas  phases,  the  chemical 
kinetic  considerations,  boundary  conditions,  etc.,  will  be  described.  Some  conipansons  of  calculated 
results  with  experimental  data  will  also  be  presented. 

All  of  the  presentation  materials  are  available  in  the  open  literature. 
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SUMMARY 

This  paper  presents  a  review  of  experi¬ 
mental  and  modeling  work  concerning  erosive 
burning  of  solid  propellants  (augmentation 
of  burning  rate  by  flow  of  product  gases 
across  a  burning  surface),  with  particular 
emphasis  on  studies  by  this  author.  A 
brief  introduction  describes  motor  design 
problems  caused  by  this  phenomenon,  parti¬ 
cularly  for  low  port/throat  area  ratio 
motors  and,  in  the  limit,  nozzleless 
motors.  Various  experimental  techniques 
for  measuring  crossflow  sensitivity  of 
solid  propellant  burning  rates  are 
described,  with  a  conclusion  that  accurate 
simulation  of  the  flow,  including  upstream 
flow  development,  in  actual  motors  is 
important  since  the  degree  of  erosive 
burning  depends  not  only  on  local  mean 
crossflow  velocity  and  propellant  nature, 
but  also  on  this  upstream  development.  In 
the  modeling  area,  a  brief  review  of  "simp¬ 
lified"  models  and  correlating  equations  is 
presented,  followed  by  description  of  more 
complex  numerical  analysis  models.  Both 
composite  [ammonium  perchlorate  (AP)]  and 
double-base  propellant  models  are  reviewed, 
with  emphasis  on  this  author's  models.  A 
"second  generation"  composite  model 
developed  by  this  author  is  shown  to  give 
good  agreement  with  data  obtained  in  a 
series  of  tests  in  which  composite  propel¬ 
lant  composition  and  heterogeneity 
(particle  size  distribution)  were  systema¬ 
tically  varied.  Finally,  use  of  the 
numerical  models  for  development  of  erosive 
burning  correlations  (of  much  more 
practical  use  to  the  bal 1 i st i clan )  is 
described,  and  brief  discussion  of  scaling 
(particularly  of  minimum  velocity  required 
for  Initiation  of  erosive  burning)  is 
presented . 

1.0  INTROOUCTION/BACKGROUND 

The  flow  of  combustion  product  gases  at 
high  velocity  across  a  burning  solid  pro¬ 
pellant  surface  is  often  found  to  lead  to  a 
significant  Increase  in  burning  rate  over 
that  obtained  at  the  sane  pressure  in  the 
absence  of  cross-flow  -  this  phenomenon  is 
referred  to  as  erosive  burning  and  the 
increase  in  burning  rate  is  known  as  the 
erosive  burning  rate.  An  example  of  this 
effect  is  shown  in  Figure  I,  where  data  of 
Harklund  and  Lake  (1)  are  presented  in  the 
form  of  burning  rate  versus  pressure  curves 
for  an  AP/polyester  propellant  at  several 
crossflow  velocities.  With  most  (but  not 
all)  propellants,  there  is  a  minimum  cross- 
flow  velocity  below  which  erosive  burning 
is  not  observed  -  this  is  referred  to  as 
the  threshold  velocity  and  can  be  as  high 
as  several  hundreds  of  meters/second,  par¬ 
ticularly  for  high-burning-rate 
formul at i ons . 

In  recent  years,  requirements  for  ever 
higher  propellant  mass  fractions  in  solid 
propellant  rocket  motors  and  for  higher 
thrust-to-weight  ratios  have  led  to 
development  of  centrally-perforated  grain 


Figure  1 .  Erosive  Burning  of  an  AP/Polyoster 

Propellant  as  a  Function  of  Pressure 
At  Several  Oas  Velocities  ( I ) 


configurations  with  relatively  low  port-to- 
throat  ratios.  As  a  result,  during  the 
early  portion  of  operation  of  such  motors, 
there  are  high  velocities  across  burning 
propellant  surfaces  in  the  aft  portion  of 
the  grain,  with  these  velocities  rapidly 
decreasing  with  time  as  the  grain  port 
opens  up.  The  erosive  burning  accompanying 
these  high  velocities,  even  though  partly 
offset  by  burning  rate  decreases  accom¬ 
panying  resultant  pressure  decrease  down 
the  bore  (see  Reference  2  for  sample  calcu¬ 
lations)  leads  to  an  initial  overpressure 
relative  to  mean  operating  pressure  during 
the  early  portion  of  the  motor  operation, 
in  turn  leading  to  requirement  for  a 
heavier  case  for  a  given  mean  operating 
pressure  (undesirable).  In  addition,  if 
the  designer  does  not  somehow  compensate 
for  the  unequal  initial  burning  rates  along 
the  grain  (for  instance  by  using  a  thicker 
web  in  the  aH  regions)  the  propellant  will 
burn  out  unevenly,  leading  to  a  long  pres¬ 
sure  and  thrust  tailoff  (often  also 
undesirable) . 

Use  of  grain  configurations  with  slots, 
stars,  or  "wagon-wheels"  at  various  loca¬ 
tions  along  the  port  is  common  practice: 
in  many  cases,  velocities  of  gas  flow  in 
these  regions  can  become  quite  high 
relative  to  mean  flow  through  the  central 
port,  again  leading  to  local  erosive 
burning  which  must  be  compensated  for  in 
the  motor  design.  Little  attention  has 
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been  given  to  this  problem  in  published 
literature  -  a  recent  effort  by  Ayris  and 
Petrovic  (3)  does  address  erosive  burning 
in  a  star-configuration  centrally- 
perforated  motor. 


A  series  of  studies  has  demonstrated  that 
the  nozzleless  motor  concept  (mass  flow 
choking  at  the  end  of  a  cylindrical  bore) 
offers  significant  economic  and  operational 
advantages  over  a  more  conventional  rocket 
system  when  considered  for  some  tactical 
weapon  systems  (notably  air-launched 
1 nte'  "al-ror ket-ramj et  systems  where 
ejection  of  a  throat  pack  during  transition 
from  boost  sustain  operation  is  highlv 
undesirable).  This  concept  requires  that 
the  flow  within  the  bore  or  central 
perforation  of  a  grain  accelerate  to  the 
point  tnat  sonic  conditions  are  achieved  at 
the  aft  end.  In  this  situation,  the  high- 
velocity  environment  results  in  substantial 
erosive  burning,  with  burning  rates  signi¬ 
ficantly  higher  than  those  measured  in  a 
conventional  strand  bomb  being  encountered. 

Nozzleless  rockets  present  a  unique 
challenge  to  analytical  understanding 
because  the  gas  velocity  reaches  sonic  and 
supersinic  velocities  on  the  grain 
surfaces,  leading  to  a  realm  of  erosive 
burning  never  before  considered.  The 
effects  are  critical  in  that  the  erosive 
burn  rate  contributions  strongly  influence 
performance  level,  performance  repeata¬ 
bility  and  thrust  misalignment.  More  than 
in  any  conventional  motor,  the  exact 
erosive  burn  rate  behavior  must  be  held 
constant  from  batch  to  batch  if  reproduci¬ 
bility  IS  not  to  be  a  problem.  The  perfor¬ 
mance  sensitivity  of  a  nozzleless  motor  to 
erosion  is  due  to  the  fact  that  the  maximum 
erosion  occurs  at  the  choke  point  in  the 
bore.  Since  this  point  is  the  effective 
throat  area,  and  the  throat  area  versus 
time  IS  thus  a  function  of  regression  rate, 
the  result  is  a  chamber  pressure  history 
which  varies  strongly  with  erosion. 


With  nozzleless  motors,  the  effects  of 
erosive  burning  are  further  magnified  due 
to  higher  crossflow  velocities  (in  the 
Mach  1  range)  ano  due  to  the  fact  that  the 
aft  end  port/thrnat  area  ratio  does  not 
decrease  with  time  since  the  aft  end  is  the 
throat  (in  most  cases).  Assuming  that  an 
erosive  burning  rate  correlation  of  the 
form  r/ro  -It  k2H  (M  being  the  crossflow 
Mach  Number)  is  applicable  and  allowing  for 
the  fact  that  static  pressure  decrease  down 
the  bore  accompanying  the  velocity  increase 
tends  to  decrease  burning  rate  for  propel¬ 
lants  with  a  positive  pressure  exponent 
(usual),  countering  the  erosive  effects  to 
some  extent,  it  may  be  shown  (Reference  2) 
that  for  a  nozzleless  motor  with  a  uniform 
bore  radius 
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where  r  is  the  local  burning  rate  (function 
of  pressure  and  crossflow  velocity),  y  is 
the  product  specific  heat  ratio,  and  n  is 
the  propellant  burning  rate-pressure 
exponent.  Values  of  ('■aft/''fore > i ni t i al  a* 
a  function  of  the  erosivity  constant  (kj) 
and  the  burning  rate  exponent  (n)  are 
prese.ited  in  Table  1.  As  may  be  seen,  for 
the  case  of  no  erosion  (kp  -  0)  the  aft  end 
will  recede  more  slowly  than  the  fo'e  end, 
due  to  lower  pressure  at  the  aft  end.  As 


Table  I.  Simplified  Ballistic  Analysis  of 
a  Nozzleless  Motor  With  Uniform 
Port  Area. 
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1.45 
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0.6 

0.0 

0.61 

0.5 

0.92 

1.0 

1.23 

1.5 

1.54 

0.8 

0.0 

0.52 

0.5 

0.78 

1.0 

1.05 

1.5 

1.31 

k2  increases,  the  '■aft/''fore  fatio  also 
increases,  going  through  unity  (generally 
desirable)  at  a  value  of  k2  which  depends 
on  the  burning  rate  exponent.  Tlie  results 
of  Table  I  give  some  indication  of  the 
sensitivity  of  nozzleless  motor  design  to 
ihe  erosive  burning  characteristics  of  the 
propellant  and  thus  further  point  out  the 
importance  of  information  regarding  the 
propellant's  erosive  burr  ng  charac¬ 
teristics  to  the  designer. 

Since  there  is  such  a  strong  interaction 
between  the  local  flow  environment  and  the 
propellant  burning  rate,  it  is  necessary  to 
be  able  to  predict  this  intera'-tion  in 
order  to  design  and  calculate  the  per¬ 
formance  of  a  low  port/throat  area  ratio 
rocket  (particularly  a  nozzleless  rocket 
with  a  port/throat  area  ratio  of  unity). 
With  such  a  predictive  capability,  the 
motor  designer  can  either  design  his  grains 
to  compensate  for  mean  erosive  burning 
effects  on  grain  burn  pattern,  or,  knowing 
how  propellant  formulation  parameters 
affect  erosion  sensitivity,  vary  propellant 
parameters  in  such  a  way  as  to  minimize 
these  effects.  Accordingly,  considerable 
effort,  experimental  and  analytical,  has 
been  carried  out  over  the  past  few  decades 
with  the  goals  of  understanding,  being  able 
to  predict,  and  being  able  to  control 
erosive  burning  characteristics  of  solid 
propellants.  An  excellent  review  of  much 
of  this  work  is  presented  in  Reference  4. 

2.0  EXPERIMENTAL  STUDIES  OF  EROSIVE 
BURNING 


In  the  experimental  characterization  of 
erosive  burning  of  solid  propellants,  the 
investigator  is  faced  with  a  conflict 
between  a  desire  to  perform  Inexoensive 
tests  with  relatively  easy  direct  measure¬ 
ment  of  burning  rate  in  the  presence  of 
crossflow  (as  exemplified  by  tests  in  which 
a  hot  product  gas  stream  generated  by  a 
"driver"  motor  is  passed  over  strips  or 
pellets  of  the  propellant  of  interest,  with 
relatively  easy  optical  access  for  measure¬ 
ment  of  burning  rate  as  a  function  of  pres¬ 
sure  and  crossflow  velocity)  and  a  desire 
to  more  accurately  simulate  the  development 
of  the  flow  field  upstream  of  the  point  of 
Interest  seen  in  an  actual  motor  (which  in 
the  limit  can  only  be  done  by  performing 
actual  motor  tests).  This  latter  method 
has  the  disadvantage  that  while  the  erosive 
burning  process  is  being  studied  under 
actual  motor  conditions,  these  conditions 
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are  difficult  to  determine  accurately. 
Pressure  and  velocity  vary  through  the 
chamber  and  also  change  with  time.  Such 
burn  rate  measurement  techniques  as  inter¬ 
rupted  burning  must  use  time-averaged 
values,  and  the  time  periods  must  be  rela¬ 
tively  long.  Continuous  measurement  of 
burning  rates  within  a  rocket  by  x-ray 
requires  spec.al  elaborate  equipment.  The 
use  of  probes  to  measure  burning  rates  and 
pressures  is  difficult  because  many  probes 
are  required,  and  also  runs  the  risk  of 
Interfering  with  the  chamber  flow  and  dis¬ 
turbing  normal  burning. 

The  major  drawback  of  former  method  lies  in 
the  fact  that,  as  pointed  out  by  several 
authors  (5-10),  the  level  of  burning  rate 
augmentation  depends  not  only  on  the  mean 
crossflow  velocity  at  the  point  of 
interest,  pressure,  and  the  propellant 
itself,  but  also  on  the  influence  of  the 
upstream  nature  of  the  product  gas  flow  on 
the  local  turbulence  structure.  In  actual 
cyl indri cal ly  perforated  motor  grain  ports, 
the  flow  is  highly  two-dimensional  in  the 
forward  part  of  the  of  the  motor,  where 
inertial  terms  in  the  momentum  equations 
describing  the  flow  dominate  the  viscous 
terms,  leading  to  the  classic  “inviscid  no- 
slip"  velocity  profiles,  described  by 
Culick  (11)  and  measured  in  cold-flow  simu¬ 
lations  of  cyl indri cal ly-perforated  motors 
by  Yamada  and  Goto  (12)  and  Dunlap,  et  al 
(13).  Beddini  (8,9)  has  performed  exten¬ 
sive  analysis  of  the  development  of  such 
flows,  obtaining  good  agreement  with  the 
cold-flow  experimental  work  -  from  his 
studies,  he  concludes  that  turbulence  first 
develops  in  the  center  of  the  grain  port 
and  eventually  works  out  to  the  walls 
(propellant  surface)  with  subsequent 
development  of  more  nearly  classical  one- 
dimensional  boundary  layer  profiles  as  the 
blowing  ratio  (ratio  of  radial  velocity  of 
products  leaving  the  propellant  surface  to 
crossflow  velocity)  decreases  down  the 
motor  port.  Kutataladze  and  Leont'ev  (14) 
have  developed  empirical  relationships  for 
the  skin  friction  coefficient  in  such 
transpired  flows  in  which,  for  blowing 
ratios  above  a  critical  value  (which 
depends  on  several  parameters)  the  boundary 
layer  is  considered  to  be  totally  blown  off 
the  surface  (analogous  to  Beddini's  conclu¬ 
sion  that  a  turbulent  boundary  layer  does 
not  exist  in  the  high-blowing-ratio 
upstream  regions  of  the  motor).  In 
Kutataladze’ s  formulation,  as  in  other 
correlations  of  blowing  effects,  as  the 
blowing  ratio  decreases  further  below  this 
critical  value,  the  ratio  of  skin  friction 
to  zero-blowing  skin  friction  (for  a  given 
crossflow  Reynolds'  Number)  Increases  con¬ 
tinuously  until  it  approaches  a  value  of 
unity  at  very  low  blowing  rates  (classic 
fully-developed  boundary  layer). 

Obviously,  in  experiments  where  product 
gases  are  blown  across  tablets  or  other 
small  specimens  of  propellant  without  the 
upstream  boundary  layer  attachment  and 
development  phenomena  seen  in  cylin- 
drically-perforated  motors  (or,  even  worse, 
in  slots  or  other  complex  central  port 
configurations,  which  to  this  author's 
knowledge  have  received  no  attention  to 
date  as  regards  boundary  layer  development) 
the  turbulence  profiles  will  be  different 
at  a  given  crossflow  velocity  than  in  such 
CP  grains.  Whether  the  resultant  effects 
on  erosive  burning  rate  at  a  given  pressure 
and  crossflow  velocity  are  first  or  second 
order  is  not  clear  to  this  author  at  this 


time,  but  it  seems  highly  unlikely  that 
they  are  totally  negligible. 

The  measurement  of  erosive  burning  by  use 
of  propellant  specimens  located  outside  of 
a  rocket  chamber  has  been  Investigated  by 
Viles  (15),  Zucrow  (16),  Vilyunov,  et  al 
(17),  Saderholm  (18),  and  Marklund  and  Lake 
(1),  the  last  authors  using  two  experi¬ 
mental  configurations,  one  with  tablets  and 
the  other  with  strips  of  solid  propellant, 
both  positioned  inside  a  tube  connected  to 
the  exhaust  stream  of  a  test  rocket.  As 
discussed  above,  there  is  considerable 
question  about  the  nature  of  the  flow 
across  the  specimen,  but  the  parameters  of 
mean  flow  rate,  pressure,  regression  rate, 
and  even  temperature  are  relatively  easily 
measured  quite  accurately  in  such  a 
device.  Both  Viles  (15)  and  Saderholm  (18) 
tested  the  validity  of  their  data  as 
pertains  to  actual  motor  conditions  by 
calculations  of  a  number  of  pressure-time 
curves  for  motor  firings  under  erosive 
conditions  using  the  data  obtained  from 
their  measurements  with  external ly- located 
samples.  Agreement  between  these  calcu¬ 
lations  and  measured  pressure-time  traces 
were  excellent,  leading  them  to  conclude 
that  their  experimental  procedures  for 
obtaining  erosive  burning  rates  were 
valid. 

As  indicated  above,  the  use  of  actual  motor 
tests  to  determine  erosive  burning  charac¬ 
teristics  of  propellants  has  the  advantage 
that  the  erosion  process  is  being  studied 
under  the  exact  conditions  that  prevail  in 
a  rocket  chamber.  The  disadvantage  is  that 
these  conditions  are  difficult  to  determine 
accurately.  Green  (14),  Kreidler  (20),  and 
Peretz  (21)  have  all  utilized  interrupted- 
burning  techniques  in  studying  erosive 
burning.  Ayris  and  Petrovic  (3)  have 
utilized  real-time  X-ray  techniques  to 
study  erosive  burning  in  a  star-configura¬ 
tion  motor,  with  limited  success  to  date. 
Strand,  et  al  (22,23)  have  utilized  plasma 
capacitance  gages  to  measure  erosive 
burning  in  CP  grain  motors,  while  Traineau 
and  Kuentzman  (7)  have  used  ultrasonic 
burning-rate  measurement  techniques  to 
study  erosive  burning  in  nozzleless 
motors.  Finally,  Waesche  and  O'Brien  (24) 
have  evaluated  (on  paper)  various  possible 
techniques,  including  microwave-doppler 
measurements,  for  continuous  measurement  of 
burning  rates  at  various  locations  along  a 
cyl indr  leal ly-per fora ted-gra in  motor . 

In  addition  to  experimental  studies 
involving  external  flow  of  propellant 
exhaust  gases  across  tablets  or  other  small 
propellant  specimens  (one  extreme,  yielding 
relatively  inexpensive  tests  and  ease  of 
data  analysis,  but  with  major  doubts  as 
regards  direct  relevance  to  motors  as 
discussed  above)  and  those  involving  actual 
use  of  motors  (other  extreme,  expensive, 
with  difficulty  in  obtaining  accurate 
measurements)  three  additional  experimental 
approaches  for  study  of  erosive  burning, 
offering  compromises  between  these  limits 
have  been  employed  by  investigators  at 
Princeton  University  (25),  Pennsylvania 
State  University  (26),  and  Atlantic 
Research  Corporation  (27):  these  are 
briefly  described  below. 

The  Princeton  study  employed  a  SO  cm  long 
slab  motor  (depicted  in  Figure  2)  which 
could  be  quenched  during  the  early  stages 
of  motor  operation.  This  slab  motor  had  a 
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Figure  2.  Princeton  University  Slab  Motor  Used 
To  Obtain  Erosive  Burning  Data  ,(25) 


rectangular  port  with  two  opposing  flat 
propellant  slabs  cast  into  trays,  each  slab 
being  2.54  cm  wide  by  49.2  cm  long  with  an 
initial  gap  between  slabs  of  (typically) 

0.2  cm.  Rectangular  nozzles  were  sized  to 
give  initial  port-to-throat  area  ratios  of 
1.50,  1.20,  and  1.06,  corresponding  to  Mach 
Numbers  at  the  end  of  the  slabs  of  0.4  to 
0.7.  A  liquid  quench  system  was  used  to 
extinguish  the  propellant  at  0.05  to 
0.07  seconds  after  ignition.  Static 
pressure  versus  time  and  total  distance 
burned  were  measured  at  five  axial 
locations.-  A  desired  form  of  erosive 
burning  rate  expression  and  one-dimensional 
compressible  flow  equations  were  integrated 
with  various  choices  of  adjustable  para¬ 
meters  in  the  erosive  burning  rate 
expression  until  optimal  agreement  of 
measured  and  calculated  pressure-time 
variation  at  all  measurement  locations  was 
obtained.  (Lack  of  instantaneous  burning 
rate  data  necessitated  specification  of  an 
erosive  burning  rate  expression  form, 
though  the  form  is  not  restricted  as  to 
type)  with  the  measured  (post-test)  erosion 
data  being  used  to  evaluate  unknown 
constants  in  the  expression  for  a  given 
propellant  and  operating  pressure. 

In  the  experimental  study  at  Pennsylvania 
State  University,  two-dimensional  slabs  of 
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propellant  were  utilized  in  a  windowed  test 
chamber  with  hot  combustion  products  from  a 
"driving  motor"  flowing  over  the  sample  at 
various  velocities  (subsonic  and  super¬ 
sonic)  and  chamber  pressures.  (See 
Figure  3.)  The  test  chamber  was  39  cm  long 
with  a  rectangular  cross-section  of  7  cm  by 
2.54  cm.  This  chamber  was  equipped  with  a 
transparent  plexiglas  window  assembly 
composed  of  an  inner  sacrificial  window,  a 
middle  window,  and  a  top  window,  with  the 
inner  window  being  replaced  after  each 
test.  The  test-propellant  sample  was 
clearly  visible  through  this  assembly.  An 
interchangeable  wedge-shaped  steel  leading 
edge  was  used,  with  the  test  propellant 
sample  being  glued  to  the  top  flat  surface 
of  the  leading  edge,  whose  length  (10.8  cm) 
allowed  development  of  a  turbulent  boundary 
layer  over  most  of  the  propellant  sample 
(though  likely  somewhat  different  in  struc¬ 
ture  from  the  turbulent  boundary  layer 
encountered  in  an  actual  motor).  The  spil¬ 
lage  channel  depicted  in  Figure  3  was  used 
to  enable  the  boundary  layer  to  develop 
from  the  beginning  of  the  leading  edge.  An 
interchangeable  top  plate  was  used  to  vary 
channel  height  and  thus  gas  velocity  across 
the  sample.  (Pressure  gradient  could  also 
be  varied  by  use  of  a  tapered  top  plate.) 

An  interchangeable  exit  nozzle  was  used  to 
control  pressure  (and,  in  combination  with 
the  top  plate,  velocity  in  the  test 
chamber).  The  instantaneous  regression 
rate  of  the  propellant  was  recorded  by  a 
high-speed  (1000-1500  frames  per  second) 
camera  and  deduced  via  a  motion  analyzer. 
Details  of  the  experimental  device,  test 
procedures  and  data  analysis  procedures 
(notably  used  for  calculation  of  burning 
rate  and  free-stream  gas  velocity  in  the 
test  section,  not  directly  measurable)  are 
given  in  Reference  26. 

The  experimental  test  apparatus  and  pro¬ 
cedures  employed  in  the  Atlantic  Research 
study  of  erosive  burning  are  described  in 
detail  in  Reference  27.  A  schematic  of  the 
basic  test  apparatus  is  presented  as 
Figure  4.  A  cyl irdri ca 1 ly-perf ormated  6C4 
driver  grain  (15.2  cm  outside  diameter, 

10.2  cm  inside  diameter)  whose  length  was 
chosen  to  give  the  desired  operating  pres¬ 
sure  for  a  given  test,  produced  a  high 
velocity  gas  flow  through  a  transition 
section  into  a  rectangular  test  section 
which  contained  the  test  grain  (generally 
the  same  formulation  as  the  driver 
grain)..  The  contoured  transition  section 
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was  approximately  10  cm  long.  The  test 
grain  extended  from  the  test  section  back 
through  the  transition  section  to  butt 
against  the  driver  grain  in  order  to  elimi¬ 
nate  leading  edge  effects  which  would  be 
associated  with  a  test  grain  standing 
alone.  The  test  grain  was  approximately 
30  cm  long  (plus  the  10  cm  extending 
through  the  transition  section)  by 
1.90  X  2.50  cm  web  and  burned  only  on  the 
1.90  cm  face.  The  flow  channel  of  the  test 
section  was  initially  1.90  cm  x  1.90  cm, 
opening  up  to  1.90  cm  x  4.45  cm  as  the  test 
propellant  burned  back  through  its  2.54  cm 
web.  For  high  Mach  number  tests,  the 
apparatus  was  operated  in  a  nozzleless  mode 
with  the  gases  choking  at  or  near  the  end 
of  the  test  grain,  while  for  lower  Mach 
Number  tests,  a  two-dimensional  nozzle  was 
installed  at  the  end  of  the  test  channel. 

During  each  test,  pressure  and  crossflow 
velocity  varied  with  time  and  location 
along  the  test  grain.-  (For  the  nozzleless 
tests,  pressure  varied  significantly  with 
time  ano  location,  while  crossflow  velocity 
varied  considerably  with  location  but  not 
significantly  with  time.  For  tests  using  a 
nozzle  with  an  initial  port  to  throat  area 
ratio  of  1.5  or  higher,  on  the  other  hand, 
pressure  did  not  vary  strongly  with  loca¬ 
tion  but  did  rise  with  time  due  to  the 
progress  1 vi ty  of  the  driver  grain,  wnile 
crossflow  velocity  varied  strongly  with 
time  and  slightly  with  location.)  These 
variations  permitted  design  of  tests  to 
yield  considerable  burning  rate-pressure- 
crossflow  velocity  data  in  relatively  few 
tests,  provided  that  these  parameters  could 
be  measured  continuously  at  several  loca¬ 
tions  along  the  test  grain.  These  para¬ 
meters  were  measured  in  the  following 
manner . 

The  burning  rate  was  directly  measured  by 
photographing  the  ablating  grain  with  a 
high-speed  motion  picture  camera  through  a 
series  of  four  quartz  windows  located  along 
the  length  of  the  test  section.  Frame  by 
^rame  analysis  of  the  films  permitted 
determination  of  instantaneous  burning  rate 
as  a  function  of  time  at  each  of  the  four 
window  locations.. 

For  nozzled  cases,  the  measured  location  of 
the  burning  propellant  surface  at  each 
window  as  a  function  of  time,  together  with 
the  known  constant  throat  area,  permitted 
straightforward  calculation  of  the  cross- 
flow  velocity  as  a  function  of  time. 
However,  the  very  sensitive  dependence  of 
Mach  Number  on  area  ratio  for  M  >  0.5  made 
calculation  of  crossflow  velocity  from  area 
ratio  measurement  quite  poor  for  nozzleless 
cases.  Accordingly,  for  these  tests,  stag¬ 
nation  pressure  was  determined  at  the  aft 
end  of  the  test  section  and  used  in 
combination  with  the  driver  chamber  pres¬ 
sure  for  calculation  of  the  stagna,.1on 
pressure  in  the  test  section  as  a  function 
of  time  and  position.  Static  pressure  wall 
taps  at  each  window  location  were  used  for 
measurement  of  static  pressure  as  a 
function  of  time  for  both  nozzled  and 
nozzleless  cases.  From  the  static  and 
stagnation  pressure  values  determined  as  a 
function  of  time  and  position  down  the  test 
section,  crossflow  Mach  Number  and  velocity 
were  calculated  as  a  function  of  time  at 
each  window  location  in  the  test  section 
for  the  nozzleless  cases. 


In  general,  studies  of  the  erosive  burning 
of  solid  propellants  have  invoked  use  of 
only  one,  or  at  most,  two  to  four  different 
propellants,  without  study  of  the  effects 
of  systematic  variation  of  propellant 
compositional  and  heterogeneity  charac¬ 
teristics  on  sensitivity  of  burning  rate  to 
crossflow  velocity.  General  observations 
from  these  studies  (  1,  15-20,28-30)  include:- 

1.  Plots  of  burning  rate  versus  gas 
velocity  or  mass  flux  at  constant 
pressure  are  usually  not  fitted  best 
by  a  straight  line. 

2. -  Threshold  velocities  are  often  (but 

not  always)  observed. 

3.  Occasionally,  “negative"  erosion  rates 
are  observed.-  (There  is  some  contro¬ 
versy  as  to  the  cause,  with  a 
preponderance  of  opinion  learning 
toward  it  being  stifling  of  the  pro¬ 
pellant  combustion  by  flow  of  melted 
binder  across  o  dizer  crystals.) 

4.  Slower  burning  pt-ope11ants  are  more 
strongly  affected  by  crossflows  than 
higher  burning-rate  formulations. 

5.  At  high  pressure,  the  burning  rate 
under  erosive  conditions  tends  to 
approach  the  same  value  for  all  pro¬ 
pellants  (at  the  same  flow  velocity) 
regardless  of  the  burning  rate  of  the 
propellants  at  zero  crossflow. 

6.  Erosive  burning  rates  do  not  depend 
upon  core  gas  temperature  of  the 
crossflow  (determined  from  tests  in 
which  various  “driver  propellant's” 
products  are  flowed  across  a  given 
test  propellant). 

One  exception  to  the  statement  that  in  most 
studies  to  date,  examination  of  the  effects 
of  systematic  variation  of  propellant  para¬ 
meters  (composition,  oxidizer  particle 
distribution,  etc.)  on  sensitivity  of  the 
propellant  to  crossflow  was  not  carried  out 

Table  II.  Propellant  Matrix  (AP  Composite 

Propellants)  Tested  by  King  (31-33). 


CempotUlQiT  _ 


*525 

73/27  AP/MTPB,  20y  V 

Bastllnr  Fo<’siul4tion,  FIaim 
TeaiperAture  •  1567IC 

5051 

73/27  AP/MTP8,  200u  AP 

Coflipire  w)tn  4525  for  AP  Size 
Effect  mo  Base  Burning  Pate 
Effect 

*685 

73/27  AP/HIP8,  5ii  AP 

ConpArt  witn  4525  *nd  5051  for 
AP  Size  Effect  mo  Base  Burning 
Rete  Effect 

*859 

72/25/2  AP/HTI>8/Fe,0,. 

20ji  V  ‘  ^ 

Compare  with  4525  for  Base 
Burning  Rete  Effect  it  constmt 
AP  Size 

55*2 

77/23  AP/HTPB,  20u  AP 

Compare  with  4525  for  Mixture 
Ratio  and  Flame  Temperature 
Effect  at  Cohstant  AP  Size. 

T  .  2065K 

5555 

82/18  AP/KTP8.  13.5SS 

90ii  AP,  59.3SX  200|i  AP 

AP  Sizes  Chosen  to  Match  Base 
Burning  Rate  of  4525.  Compare 
With  4525  for  Mixture  Ratio  and 
Flame  Temperature  Effect 

T  .  2575A 

5555 

82/18  AP/HTP8,  AU  lu  AP, 

*It  7p  AP 

Compare  with  5565  for  Effect  of 
Base  Burning  Rate 

;993 

82/IA  AP/MTPJ 

4U  90tf  AP 

Further  Stud/  Ot  AP  Size  ard 

Base  Burning  Rate  Effects 

7995 

82/18  AP/HTPB,  *U  >0|j  AP, 
*lt  200w  AP 

Further  Study  of  AP  Size  and 

Bast  Burning  Rate  Effects 

8019 

82/18  AP/HTP8,  27. 3X  lu  AP. 
27.3X  20u  AP.  27.41  200u  AP 

Further  Study  of  AP  Size  and 

Bast  Burning  Ratt  Effects 

5525 

74/21/5  AP/HfPB/Al, 

701  90u  AP.  4X  200u  AP 

Same  Flame  Temperature  md  Base 
Burning  Rate  as  SS55.  C«Ppare 
with  5565  for  Al  Effect. 

752J 

70/28/2  AP/Po1,eJt*p/Fe?0, 
(20iJ  API  ^ 

BastHnt  Polyester  Fomuiatlon, 
r  -  22S0K.  AP  Sire  Chosen  to 
Hatch  BR  of  4869  <  Compare  with 
1869  for  Jiftder  Effect 

7605 

78/20/2  AP/PolrMtir/fe,0, 
BlaoOAl  AP  (23.4X  20u,  ^ 

54.5X  200(1} 

Medium  Temperature  (EBOOK) 
Polyester  Formulation.  Compare 
with  7523.  Also  compare  with 
5542  for  Binder  Effect  at  Hearty 
Constant  Base  Burning  Rate 

is  the  work  of  King  (31-33)  who 
systematically  varied  parameters  with  a 
series  of  eleven  AP  composite  propellant 
formulations,  listed  in  Table  II  (along 
with  rationale  for  their  selection). 
Detailed  results  of  this  test  series 
(carried  out  in  the  Atlantic  research  test 
apparatus  described  above)  will  be  given  in 
a  later  section  where  measured  erosive 
burning  rates  are  compared  with  predictions 
of  a  composite  propellant  erosive  burning 
model  by  King.-  A  summary  of  the  observed 
effects  of  various  parameters  on  e  (the 
ratio  of  burning  rate  with  crossflow  to 
that  without  It)  ai  constant  pressure  and 
crossflow  velocity  is  presented  here  as 
Tablo  III.  As  ooserved  by  previous  studies 
(summarized  above),  base  (no-crossflow) 
burning  rate  is  seen  to  have  a  major  effect 
on  crossflow  sensitivirv,  erosive  burning 
ratio  increasing  with  decreasing  base  rate 
at  fixed  pressure. 

Table  III.  Effects  of  Various  Formulation 
Parameters  on  Sensitivity  of 
AP-Composite  Propellants  to 
Crossflow  as  Observed  by 
King  (31-33). 


3.0  EMPIRICAL  EXPRESSIONS  AND  RELATIVELY 
SIMPLE  MODELS  FOR  CALCULATION  OF 
EROSIVE  BURNINE  RATES 


Several  empirical  expressions  for  calcu¬ 
lation  of  the  ratio  of  total  burning  rate 
(expressed  as  the  sum  of  zero-crossflow 
rate  plus  erosive  contribution)  of  a  pro¬ 
pellant  to  the  zero-crossflow  rate  at  the 
same  pressure  appear  in  the  literature  - 
these  generally  take  one  of  the  following 
forms: 


e 


E 

e 


-  1 

♦  Kj  (V  -  Vj,)"',  m  S  1 

(2) 

r/r^ 

-  1 

+  K^  (M  -  Mj)"*,  m  i  1 

(3) 

r/ro 

.  1 

♦  K3  (G  -  Gj)™,  m  i  1 

(4) 

E 

-  Erosion  ratio 

r 

-  Total  burning  rate 

>•0 

-  Normal  burning  rate 

(no 

crossflow)  at  the  same 

pressure 

Ki, 

Kj. 

K3  -  Empirical  constants 

V 

-  Crossflow  velocity 

H 

-  Crossflow  Mach  number 

G 

-  Crossflow  mass  flux 

m 

-  Empirical  constant 

Conptrlton 

PifMtteft  Studied 

£ffttt  or  6rosi»e  Burnino 

<$2s.  m. 

VAfled  do,  r.  «  fixed 

Sifidef  Tjpe,  fixed  flw* 
r«iiptf4tup« 

O,  •  -  '•0  '  •  ' 

4S2S,  4369 

V4fi«d  r.  4t  fixed  AP  Si:e. 
Sinder  Type,  4nd  flemc 
Tmpertturt 

463S.  4869 

varied  dn  at  fixed  r^, 

Sinder  Tfpe.  tna  flene 
Tenpereture 

<1^  *  .  c  •  subtly 

452s.  S$«2 

varied  0/f  Patio  (and  Tftut 
fiMe  TcAperature)  and  r^ 
at  fixed  Binder  Type  and 
fixed  AP  Site 

r,  ,  .  . 

6S6S,  4S2$ 

varied  0/f  Patio  (and  Thus 
ft«ie  Te«perature)  at  fixed 
Binder  Type  and  fixed  fg 

T^  f  ,«  c  Uncnanped 

5S6S.  SS». 
7993,  7996. 
6019 

Varied  d.,  r.  at  fixed 

Stnder  Type,  fixed  fllnie 
Temperature 

d-  •  -  r  t  •  c  ♦ 

p  0 

9665,  6626 

AluNinwe  VerjuJ  Nor- 
AluMlnwR  at  fixed  r., 

Binder  Type,  and  flame 

Temper  at  10*4 

41  '•  e  Unthanped 

4869,  7623 

Different  Binder  Type;  r^, 
dg  Held  Constant. 

Oifferinp  flame  Temperature 
(Polyester  Hotter) 

At  tow  p,  c  lincTtenoed 

At  High  P.  e  Higher  for  eolyester 

5542,  7606 

Oifferer.t  Binder  Type, 

Held  Constant.  Olfferind 
flame  Temperature  (Polyester 
Hotter)  end  d^ 

At  tow  p.  V  Unchanged 

At  High  P,  c  Higher  for  Polyester 

Conclusions  from  Above  Comparisons 

1.  The  augmentation  factor  is  strongly 
dependent  on  base  burning  rate. 

2.  There  is  a  small  residual  effect  of 
oxidizer  particle  size,  at  fixed 
burning  rate. 

3.,  0/F  (flame  temperature)  effects  e  for 

HTPB  systems  only  through  effect  on 
base  burning  rate. 

4.  Af  fixert  base  burning  rate,  aluminum 
has  no  effect  on  e. 

5.  Polyester  binder  formulations  are 
slightly  more  sensitive  to  crossflow 
than  HTPB  formulations  at  fixed  base 
burning  rate. 

dp  -  Oxidizer  Particle  Diameter 
rp  -  Base  (No  Crossflow)  Burning  Rate 
Tf  -  Flame  Temperature 

E  -  r/r-  (Ratio  of  Burning  Rate  Kith 
a  Given  Crossflow  to  the  Base 
Rate) 

0/F  -  Oxidizer/Fuel  Ratio 


where  the  subscript  "t"  refers  to  threshold 
crossflow  conditions  below  which  erosion 
does  not  occur.  (Some  propellants  have 
been  correlated  with  non-zero  threshold 
values,  while  others  have  been  correlated 
with  threshold  values  set  equal  to  zero.) 
Effective  implementation  of  such  expres¬ 
sions  to  describe  the  response  of  solid 
propellant  burning  rates  to  crossflow  of 
course  requires  a  fairly  extensive  data 
base  for  each  propellant  of  interest  over 
the  range  of  pressure  and  crossflow 
velocity  range  of  interest  (extrapolation 
being  quite  risky) . 


Since  characterization  of  a  given  formula¬ 
tion's  burning  rate  dependency  on  crossflow 
at  various  pressure  levels  tends  to  be 
fairly  expensive,  a  model  which  permits  the 
designer  to  predict  this  dependency  without 
erosive  burning  testing  of  various  candi¬ 
date  formulations  for  a  given  application 
is  highly  desirable.  In  addition,  an 
accurate  model  which  properly  accounts  for 
the  mechanisms  involved  in  erosive  burning 
can  be  used  by  a  propellant  formulator  in 
developing  a  formulation  which  will  have 
desired  ballistic  properties  in  a  given 
motor  design  with  a  minimum  of  trial-and- 
error  searching.  As  a  minimum,  a  model 
which  win  permit  prediction  of  erosive 
burning  over  a  wide  range  of  conditions  for 
a  given  formulation,  given  only  relatively 
Inexpensive  strand-burning  data  is  highly 
desirable.  Even  better  would  be  the  ulti¬ 
mate  development  of  a  model  which  would 
permit  prediction  of  burning  rate  as  a 
function  of  pressure  and  crossflow  velocity 
given  only  composition  and  Ingredient  size 
data.  Such  a  model  should  provide  explana¬ 
tion  of  the  observed  burning  rate  charac¬ 
teristics  in  the  presence  of  crossflow  in 
terms  of  the  hydrodynamic  conditions 
induced  near  the  propellant  surface  by  the 
crossflow  coupled  with  the  chemical  and 
physical  processes  which  constitute  the 
propellant  deflagration  mechanism.  In  the 
latter  area,  it  appears  obvious  that  dif¬ 
ferent  models  are  required  for  homogeneous 
(double-base)  and  heterogeneous  (composite) 
propel  1  ants . 
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Over  the  years,  a  large  number  of  erosive 
burning  models  of  varying  degrees  of 
sophistication  have  been  developed;  a  list 
of  models  examined  by  this  author  (with  the 
exception  of  several  complex  models 
utilizing  extensive  numerical  analysis 
procedures,  which  are  described  In  the  next 
section)  Is  presented  as  Table  IV.  These 
models  mostly  fall  Into  one  of  three  cate¬ 
gories,  as  Indicated. 


Table  IV.  General  Categories  of  Models  of 
Erosive  Burning  Briefly 
Discussed  in  This  Section 
(Section  3.0)  . 

1.  Models  Based  on  Augmented  Heat  Transfer 
From  the  “Core  Gas"  In  the  Presence  of 
Crossf 1 ow . 

e.g.,  Lenoir  and  Roblllard  (34) 

Zucrow,  Osborn,  and  Murphy  (35) 
Saderholm  (18) 

Mar kl and  and  Lake  ( 1 ) 

2.  Models  Based  on  Alteration  of  Transport 
Properties  in  the  Region  Between  Flame 
ZoneU)  and  the  Propellant  Surface  by 
Crossfl ow. 

e.g.,  Saderholm,  Biddle,  Caveny,  and 
Summerfleld  (36) 

Lengelle  (37) 

Corner  (38) 

Vandenkerchove  (39) 

Zeldovich  (40) 

Vilyunov  (17) 

Geckler  (41) 

Parkinson,  et .  a1.,  (5,6,42) 

3.  Models  Based  on  Chemically  Reacting 
Boundary  Layer  Theory 

e.g.,  Tsuji  (43) 

4.  Miscellaneous 

e.g.,  Klimov  ( 44 ) 

Molnar  (45) 

Miller  (46) 


Models  in  the  first  category  are  based  on 
the  assumption  that  the  erosive  burning  Is 
driven  by  increased  heat  transfer  from  the 
mainstream  gas  flow  resulting  from  the 
Increased  mass  flux  parallel  to  the  grain 
surface.  The  best-known  and  most  widely 
used  model,  that  of  Lenoir  and  Roblllard 
(34),  falls  into  this  category.  Since  this 
model  1s  the  one  most  widely  used  today  by 
motor  designers  (actually  it  is  a  data- 
fitting"  tool,  requiring  experimental  data 
for  eocii  new  formulation,  rather  than  a 
true  predictive  model),  it  will  be 
discussed  In  more  detail  than  the  others. 

In  this  model,  the  authors  state  that  the 
total  burning  rate  (r)  Is  the  sum  of  two 
effects:  a  rate  dependent  on  pressure  (r., 
the  normal  burning  rate),  and  a  second 
erosive  rate  (r„)  dependent  upon  the 
combustion  gas  flow  rate.  This  equation 
entails  an  assumption  that  the  pressure- 
dependent  "base"  rate,  Is  unaffected  by 
an  Increase  In  total  rate  at  a  given  pres¬ 
sure,  an  assumption  which  almost  certainly 
cannot  be  true.  This  problem  has  been 
discussed  in  detail  oy  King  (47),  with 


derivation  of  a  modified  Lenoir  and 
Roblllard  expression  allowing  for  the 
coupling  of  flame  standoff  distance  with 
burning  rate.  While  Lenoir  and  Roblllard 
assume  r  -  r^  +  Cg,  allowance  for  the 
coupling  effect  results  In  r  -  (r.‘/r)  + 

Tg.  In  physical  terms,  Lenoir  and 
Roblllard  have  failed  to  account  for  the 
fact  that  the  increased  burning  rate  caused 
by  erosive  feedback  at  constant  pressure 
results  in  the  propellant  flame  being 
pushed  further  from  the  surface,  decreasing 
Its  heat  feedback  rate  and,  thus, 
decreasing  the  propellant  burning  rate  part 
>f  the  way  back  toward  the  base  rate. 

A  more  general  weakness  of  models  In  the 
first  category  is  that  these  models  predict 
substantial  dependence  of  erosive  burning 
on  the  temperature  of  the  core  gas;  such 
dependence  was  found  by  Markland  and  Lake 
(1),  In  experiments  with  propellant  tablets 
exposed  to  crossflow  products  from  motors 
operating  at  different  flame  temperature 
(IZOO'K  and  BADO^K)  and  later  by  King  (48), 
In  the  Atlantic  Research  apparatus 
described  earlier  (with  driver  propellants 
with  flame  temperatures  of  1667°K  and 
2425°K)  to  be  completely  absent.  (The 
Lenoir  and  Roblllard  model  predicts  that 
the  erosive  contribution  should  be 
60  percent  higher  with  the  higher 
temperature  driver  in  each  case,  as 
discussed  in  detail  In  References  27  and 
48.)  This  observed  lack  of  depenuciice  of 
erosive  burning  rate  on  core  gas 
temperature  tends  to  indicate  that  all 
models  in  the  first  category  in  Table  IV 
are  on  shaky  grounds. 


The  model  of  Zucrow,  Osborn,  and  Murphy 
(35)  is  worthy  of  particular  attention, 
since  it  is  the  only  model  known  to  this 
writer  which  permits  prediction  of  negative 
erosion  which  has  been  observed  in  some 
cases.  However,  it  may  be  shown  that  this 
prediction  results  from  a  physically  impos¬ 
sible  result  of  a  mathematical  extrapola¬ 
tion.  The  basic  burning  rate  expression 
employed  is; 


^  (T, 


Combustion 


-  T 


Tp 


surface,  avg. 


prop 


(5) 


where  Q  is  basically  the  heat  required  to 
preheat  and  vaporize  unit  mass  of  the  pro¬ 
pellant  (with  some  corrective  adjustments) 
and  h  is  the  heat  transfer  coefficient  from 
the  core  gas  to  the  propellant  surface. 
Ancillary  expressions  used  include: 


"  -  ^  (Ch^Cho)  (6) 

Ch/Cho  -  1  -  (7) 


8  ■  0prop^^8,„G  (8} 

where  B-  Is  a  constant  transpiration  para¬ 
meter  and  Cjig  and  hg  are  the  Stanton  Number 
and  the  heat  transfer  coefficient  In  the 
absence  of  crossflow,  all  other  parameters 
being  as  defined  earlier. 


The  difficulty  lies  in  the  use  of 
Equation  7  for  the  ratio  of  the  Stanton 
Humber  with  crossflow  to  that  without 
crossflow.  This  expression  should  only  be 
used  for  values  of  B-B  <<  1.  As  it  is,  at 
sufficiently  small  vilues  of  G,  B 
exceeds  1/8-.  When  this  occurs,  Equation  7 
yields  a  negative  value  for  the  Stanton 


i 
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Number  (violating  the  Second  Law  of  Thermo¬ 
dynamics),  and  thus  the  heat  transfer 
coefficient  h  becomes  negative, and  the 
second  term  of  of  Equation  5  also  becomes 
negative,  yielding  a  predicted  burning 
rate,  r,  less  than  the  burning  rate  in  the 
absence  of  crossflow,  r^.  The  correct 
limit  for  C|,/C|,.  as  G  *  0  ( 8  ■»  »)  is  unity, 
while  Equation  7  predicts  it  to  go  to  minus 
infinity. 

The  models  of  Saderholm  (18)  and  Harklund 
(1)  are  not  vastly  different  from  that  of 
Lenoir  and  Robillard,  except  that  Saderholm 
totally  ignores  the  "base"  (no  crossflow) 
bur, ling  rate  in  comparison  to  the  erosive 
contribution,  a  treatment  that  seems  a  bit 
drastic,  particularly  for  fairly  low  cross- 
flow  velocities. 

The  second  category  of  models  listed  in 
Table  IV  includes  models  based  on  the 
alteration  of  transport  properties  in  the 
region  between  the  gas  flame  and  the  pro¬ 
pellant  surface  by  the  crossflow,  generally 
due  to  turbulence  effects.-  Included  in 
this  category  are  models  in  which  the 
thermal  conductivity  in  this  region  is 
raised  by  turbulence  and  models  in  which 
the  time  for  consumption  cf  fuel  gas 
pockets  leaving  the  surface  is  reduced  by 
the  effects  of  turbulence  on  d if f usi vi ty 
Four  of  these  models  were  developed  for 
double-base  propellants.-  In  three  of 
these,  the  models  of  Corner  (38),  Zeldovich 
(40),  and  Vilyunov  (17),  the  basic  approach 
is  to  calculate,  using  various  boundary 
layer  hydrodynamic  models,  an  effective 
ratio  of  turbulent  thermal  conductivity  (or 
diffusivity)  to  laminar  conductivity  and 
relate  this  to  increased  flux  to  the  pro¬ 
pellant  surface  from  the  gas  flame  and, 
thus,  to  increased  rate  of  ablation  of  the 
propellant  surface.  The  Vanderkerchove 
(39)  model,  however,  is  somewhat 
different.  In  this  model,  he  assumes  that 
the  key  heat  tra.nsfer  driving  temperature 
is  achieved  at  the  inner  edge  of  the  fizz 
zone.  He  then  assumes  that  in  cases  where, 
in  the  absence  of  crossflow,  this  fizz  zone 
would  begin  at  a  distance  from  the  surface 
greater  than  the  distance  from  the  surface 
to  the  edge  of  the  laminar  sublayer  (calcu¬ 
lated  from  a  universal  u*,  y*  correlation 
approach)  with  crossflow,  this  edge  of  the 
fizz  zone  will  be  fixed  by  the  edge  of  the 
laminar  sublayer.  Whenever  this  is  the 
case,  the  resultant  "flame"  position  will 
be  closer  to  the  surface  than  without 
crossflow,  the  resultant  heat  flux 
(calculated  as  the  ratio  of  the  thermal 
conductivity  to  the  "flame"  offset 
distance)  will  be  higher,  the  propellant 
surface  temperature  will  Increase,  and  the 
propellant  ablation  rate  will  become 
higher.  Since  the  laminar  sublayer 
thickness  decreases  with  increasing  cross- 
flow  velocity,  the  burning  rate  will  also 
increase  with  this  parameter.. 

The  models  of  Lengelle  (37)  t.nd  Saderholm, 
Biddle,  Caveny,  and  Summerfield  (36)  for 
composite  propellant  erosive  burning  are 
somewhat  similar  in  principle,  though  the 
latter  model  is  applied  to  the  special  case 
of  very  fuel-rich  propellants  at  quite  low 
crossflows.  The  basic  propellant  combus¬ 
tion  mechanism  assumed  is  the  granular 
diffusion  model  in  which  pockets  of  fuel 
vapor  leave  the  surface  and  burn  away  in  an 
oxidizer  continuum  at  a  rate  strongly 
dependent  upon  the  rate  of  micromlxing  of 
the  oxidizer  vapor  into  the  fuel  vapor 


pocket.  The  driving  mechanism  by  which  the 
crossflow  is  assumed  to  increase  the 
burning  rate  is  through  increased  turbu¬ 
lence  associated  with  increasing  crossflow 
raising  the  turbulent  diffusivity  in  the 
mixing  region  (thus  increasing  the  rate  of 
mixing  and  decreasing  the  effective 
distance  of  the  diffusion  flame  from  the 
surface)  and  raising  the  effective 
turbulent  thermal  conductivity.  Both  the 
decrease  in  distance  from  heat  release  zone 
to  surface  and  the  increase  in  thermal 
conductivity  increase  the  heat  flux  to  the 
surface,  thus  causing  the  propellant  to 
ablate  more  quickly.  There  are  several 
notable  weaknesses  associated  with  the 
Lengelle  model:-  (1)  the  granular  diffusion 
flame  model  is  not  physically  realistic; 

(2)  the  AP  monopropellant  flame  is  ignored; 
and  (3)  the  boundary  layer  treatment  used 
to  calculate  the  dependence  of  the 
effective  turbulent  diffusivity  and  conduc¬ 
tivity  on  the  crossflow  is  unrealistic  in 
its  use  of  one-seventh  power  velocity  law 
all  the  way  from  the  freestream  to  the 
surface.. 

In  the  more  recent  studies  of  Parkinson, 
et.  a1.  (5,6,42),  only  alteration  of  the 
effective  thermal  conductivity  between  the 
propellant  gas  flame  zone  and  the  surface 
by  crossf 1 ow- 1 nduced  turbulence  is 
considered  as  a  driving  mechanism  for 
erosive  burning.  In  their  first  work  (42), 
the  authors  use  blown-boundary  layer  theory 
to  calculate  the  Stanton  Number 
(controlling  heat  feedback)  as  a  function 
of  the  skin  friction  coefficient  in  the 
presence  of  blowing,  utilizing  expressions 
based  on  the  work  of  Kutataladze  and 
Leont'ev  (14)  for  calculation  of  this  coef¬ 
ficient.  They  then  use  the  calculated 
Stanton  Number  for  comparison  of  the  heat 
feedback  rate  from  the  gas  flame  to  the 
surface  with  that  based  on  pure  conduction 
(no-crossflow  case),  allowing  for  the  fact 
that  increased  burning  rate  will  push  the 
flame  zone  further  away  from  the  surface 
(under  their  assumption  that  the  "delay 
time"  of  the  reaction  is  not  affected  by 
the  turbulencp)  in  arriving  at  an  expres¬ 
sion  for  the  total  burning  rate  as  a 
function  of  the  no-crossflow  rate  and  the 
Stanton  Number.  In  their  two  subsequent 
papers  (5,6),  they  expand  their  analysis  to 
include  treatment  of  the  laminar  sublayer 
thickness  relative  to  the  flame  standoff 
distance  and  modify  their  bl own-boundary- 
1aye»-  analysis  to  allow  the  skin  friction 
factor  to  only  asymptotically  approach  zero 
at  high  blowing  rates,  rather  than  being 
identical  to  zero  at  blowing  ratios 
(blowing  rate/crossflow  rate)  greater  than 
a  critical  value  (Kutataladze  approach). 

Only  one  model,  that  of  Tsuji  (43),  is 
listed  in  the  third  category  of  Table  IV; 
however,  further  modeling  efforts  in  this 
category,  of  considerably  greater 
complexity,  are  discussed  in  the  next 
section.  The  Tsuji  study,  unfortunately, 
is  not  particularly  useful  due  to  the 
assumption  of  a  total ly- 1 aminar  boundary 
layer  and  limitation  to  a  situation  wnere 
the  free-stream  velocity  is  proportional  to 
the  distance  from  the  head-end  of  the 
grain.  Other  simplifications  include 
assumption  of  premixed  stoichiometric  fuel 
and  oxidizer  (rendering  the  model  inappli¬ 
cable  to  composite  propellant  systems)  and 
use  of  one-step  global  kinetics. 


It  the  "Miscellaneous"  category  of 
Table  IV,  the  Klimov  model  (44)  is  mainly 
aimed  at  calculation  of  threshold  crossflow 
velocities  (below  which  the  propellant  is 
unaffected  by  crossflow).  Klimov  claims 
that  the  threshold  velocity  is  the  main¬ 
stream  crossflow  velocity  above  which  the 
"turbulence  front"  subsides  onto  the 
propellant  surface  (recall  earlier  mention 
of  Buddini's  work  (8,9)  supporting  this 
hypothesis)  and  presents  boundary-layer 
analysis  procedures  for  calculating  this 
threshold  velocity  as  a  function  of  the 
transpiration  (blowing)  velocity  of  gases 
ablating  from  the  propellant  surface.  In 
addition,  he  postulates  that  negative 
erosion  is  due  to  "stirring  up"  of  cool 
streams  of  binder  decompositon  products 
over  the  oxidizer  surface,  leading  to 
intensification  of  their  cooling  effect  and 
to  screening  of  heat  feedback  from 
oxid i zer/ f uel  diffusion  flames. 

Holnar's  model  (45),  developed  for  homo¬ 
geneous  propellants  with  a  laminar 
crossflow,  is  based  on  an  assumption  (which 
does  not  appear  to  this  author  to  be 
realistic)  that  the  lateral  velocity 
gradient  at  the  birning  surface  governs 
erosive  burning.  Hiller  (46)  assumes  that 
the  time  for  a  unit  of  propellant  mass  to 
be  consumed  is  a  linear  sum  of  a  chemical 
reaction  time  and  "the  time  required  for 
turbulent  transport  of  heat  to  the  propel¬ 
lant  surface";  such  an  additivity  approach 
seems  quite  unrealistic. 


4.0  COMPLEX  NUMERICAL  ANALYSIS  EROSIVE 
BURNIN6  MODELS 

Modeling  efforts  in  this  area  include  those 
of  Beddini  (8-10),  with  major  emphasis  on 
fluid  dynamic  aspects  but  a  very  oversim¬ 
plified  unrealistic  treatment  of  solid 
propellant  combustion  itself;  composite 
propellant  (49-51)  and  double-base  propel¬ 
lant  (52)  models  by  Kuo,  et.  al.,  with 
emphasis  on  flow  dynamic  aspects  but  also 
with  inclusion  of  treatment  of  combustion 
processes;  a  "first-generation"  composite 
propellant  model  (27,48,53),  "second- 
generation"  composite  propellant  model 
(31,32,54),  and  a  double-base  propellant 
model  (55,56)  by  King  (with  more  emphasis 
on  combustion  mechanism  details  coupled 
with  a  more  empirical  treatment  of  fluid 
dynamic  aspects);  and  a  composite  propel¬ 
lant  model  by  Renie,  et.  al.  (57-59),  which 
is  similar  to  and  derivative  of  the  King 
"second-generation"  composite  model  and 
accordingly  will  not  be  discussed 
further.  The  Beddini  and  Kuo  models  will 
be  briefly  described  below,  while  this 
writer's  models  will  be  des  ribed  in  more 
detail  (author's  perogative! ) .  It  should 
be  noted  that  even  the  models  emphasizing 
fluid  dynamic  aspects  of  erosive  burning 
are  limited  to  simple  configurations  and  do 
not  deal  with  slots,  stars,  or  other 
irregular  perforations  (often  used  in  prac¬ 
tical  motors)  which  generally  result  in 
highly  three-dimensional  flows.. 

4.1  BEDDINI  MODELING  EFFORTS 

Beddini  (8-10)  has  carried  out  what  is 
probably  the  most  realistic  and  thorough 
analysis  of  the  flow  structure  (including 
turbulence)  involved  in  the  erosive  burning 
of  solid  propellants  in  either  two- 
dimensional  slab  configurations  or  in  the 


port  of  a  cy 1  indr ical ly-perforated  motor, 
employing  second-order  closure  turbulence 
analysis  procedures.  With  his  approach,  he 
has  been  able  to  predict  flow  development 
structures  consistent  with  those  measured 
by  Yamada  and  Goto  (12)  in  cold-flow 
studies  simulating  blowing-wall  rocket 
motors  ports,  structures  considerably  dif¬ 
ferent  from  those  predicted  using  more 
standard  k-e  developing  turbulent  boundary 
layer  analyses,  such  as  those  employed  by 
Kuo  and  coworkers  (49-52),  discussed 
later.  However,  his  combustion  model  is 
highly  idealized  (not  representative  of 
actual  flame  structures  in  either  composite 
or  double-base  propellant  combustion)  - 
consequently,  it  is  concluded  that  his 
results  are  mainly  of  use  for  trend 
analysis  (e.g.,  scaling  of  threshold 
effects,  an  important  area  of  interest  in 
Itself)  rather  than  for  prediction  of  the 
erosive  burning  characteristics  of  specific 
p-opel  lants . 

4.2  MODELING  EFFORTS  OF  KUO  AND  COWORKERS 

In  Reference  49,  Kuo  and  coworkers  present 
an  analyis  of  ercsive  burning  of  composite 
propellants  m  the  geometry  of  their  test 
apparatus  (described  earlier),  a  flat-plate 
with  a  fixed  leading  edge.  In  this  work, 
they  perform  a  parabolic  turbulent 
boundary-layer  analysis  using  a  k-e  model 
for  closure  of  their  turbulent  equations. 
[In  standard  fashion,  they  begin  with 
general  unsteady-state  conservation  equa¬ 
tions  for  mass,  momentum,  fuel,  oxidizer, 
enthalpy,  etc.,  replace  the  instantaneous 
variables  with  mean  plus  fluctuating  com¬ 
ponents,  and  time-average  the  resulting 
equations .  leading  to  a  number 
of  X ' V '  crossproducts  which  must  be  corre¬ 
lated  for  closure  of  the  problem.]  In  the 
near-wall  region,  they  utilize  a  modified 
Van  Driest  (60)  turbulent  viscosity  formu¬ 
lation,  with  inclusion  of  a  term  based  on 
the  work  of  Cebeci  and  Chang  (61)  to 
account  for  wall  roughness,  for  calculation 
of  turbulent  kinetic  energy  and  dissipa¬ 
tion.  In  their  analysis,  they  assume  that 
the  heat  release  at  any  point  in  the  gas- 
phase  is  controlled  by  eddy  breakup,  which 
IS  proportional  to  the  square  root  of  local 
turbulent  kinetic  energy  level  and  to  the 
radial  gradient  of  unburned  fuel  concentra¬ 
tion.  Among  other  simplifications 
regarding  the  combustion  processes,  they 
assume  infinite  kinetics  for  the  oxidizer/ 
fuel  flame,  neglect  molecular  diffusion  as 
regards  mixing,  and  neglect  the  gas-phase 
ammonium  perchlorate  monopropellant  flame, 
considered  by  most  modelers  of  composite 
propellant  combustion  to  be  an  Important 
factor.  In  solving  their  equations,  the 
authors  employ  a  standard  Patankar-Spa Id ing 
numerical  approach,  marching  along  the 
grain  from  the  leading  edge  (parabolic 
problem) . 

In  Reference  50,  the  previous  model  is 
extended  to  treatment  of  erosive  burning  in 
the  port  of  a  cy 1  Indr  leal ly-perforated 
propellant  grain;  in  this  study,  both  the 
developing  (inviscid  core  flow)  and  fully- 
developed  regions  of  the  flow  are  con¬ 
sidered.  The  marching  analysis  is 
initiated  at  the  point  where  the  boundary 
layer  starts  to  develop  (though  it  is  not 
clear  how  the  authors  decide  where  this 
is).  In  general,  the  analysis  is  quite 
similar  to  that  used  for  the  flat-plate 
analysis  except  for  addition  of  treatment 
of  axial  pressure  gradients  associated  with 


flow  acceleration  down  the  bore.-  In 
Reference  51,  the  analysis  Is  further 
extended  to  formulations  containing  HMX  and 
aluminum  as  well  as  ammonium  perchlorate 
and  binder,  with  treatment  of  the  species 
formed  by  reaction  of  ammonium  perchlorate 
and  binder  as  an  “equivalent  oxidizer”  and 
these  formed  by  HMX  and  aluminum  as  "equi¬ 
valent  fuel"  -  this  author  has  considerable 
difficulty  with  this  concept. 

Comparison  of  theoretical  results  predicted 
using  the  flat-plate  analysis  with  experi¬ 
mental  results  obtained  by  the  Penn  State 
Investigators  (26)  shows  close  agreement. 
From  the  results  of  this  study,  the  authors 
conclude  that  the  mechanism  of  erosive 
burning  Is  Increased  turbulence  activity 
near  the  regressing  propellant  surface  with 
increased  crossflow  velocity.  Both  experi¬ 
mental  and  theoretical  results  Indicate 
that  erosive  burning  Is  more  pronounced  at 
higher  pressure;  in  addition,  erosive 
burning  rate  In  a  rocket  motor  Is  predicted 
to  decrease  with  increasing  port  diameter, 
in  agreement  with  observations  of  many 
Investigators  in  scale-up  studies  and  motor 
development  programs. 

This  author  has  major  disagreements  with 
the  modeling  approach  described  above.  It 
appears  that  the  modelers  are  discarding 
mechanisms  which  determine  burning  rate  in 
the  absence  of  strong  crossflow.  Now  this 
author  can  understand  that  at  very  high 
turbulence  levels  associated  with  high 
crossflows,  leading  to  erosive  burning 
ratios  far  greater  than  unity,  this  neglect 
might  be  acceptable.  However,  at  lower 
levels  of  crossflow,  where  the  erosive 
burning  ratio  is  not  far  from  unity  (say, 
less  than  2),  It  seems  obvious  that  both 
erosive  and  non-erosive  mechanisms  must 
contribute  to  the  total  burning  rate  in 
that  nature  In  general  does  not  permit 
discontinuous  changes  from  all  one 
mechanism  to  all  another  with  small  changes 
In  the  parameter  affecting  their  relative 
significance.  (That  is,  it  Is  very  diffi¬ 
cult  for  this  author  to  see  how  mechanisms 
determining  the  zero-crossflow  rate 
disappear  as  soon  as  the  total  rate  rises 
several  or  even  tens  of  percent  above  this 
zero-crossflow  rate.)  Basically,  the  model 
appears  to  have  a  major  deficiency 
resulting  from  the  assumption  that  the  heat 
release  from  an  ox  Id Izer/fuel  gas  flame  is 
totally  controlled  by  eddy  breakup,  with 
the  result  that  In  the  absence  of  cross- 
flow-induced  turbulence  no  contribution  to 
the  propellant  ablation  Is  made  from  0/F 
gas  flame  heat  feedback.  (As  turbulent 
kinetic  energy  goes  to  zero  In  this  model, 
eddy  breakup  goes  to  zero  and,  with  neglect 
of  molecular  diffusion  mixing  processes, 
mixing  and  reaction  also  go  to  zero.) 

Thus,  in  the  absence  of  crossflow,  this 
model  requires  that  all  heat  necessary  for 
preheating  and  vaporizing  the  propellant 
Ingredients  at  the  observed  zero-crossflow 
rate  must  be  supplied  by  surface/subsurface 
heat  release  and/or  a  collapsed  ammonium 
perchlorate  monopropellant  flame,  a 
scenario  considered  unrealistic  by  all 
modern  modelers  known  to  this  author. 

(That  1',  the  0/F  flame  In  modern  ammonium 
perchlorate  composite  propellant  models  Is 
calculated  to  make  an  Important  contribu¬ 
tion  to  the  surface  heat  balance  at  zero 
crossflow  under  all  reasonable  pressure 
conditions  -  In  fact,  the  dependence  of 
zero-crossflow  burning  rate  on  oxidizer 


particle  size  results  from  the  Importance 
of  the  0/F  flame.) 

Another  area  of  major  difficulty  with  the 
motor  port  grain  model  lies  In  the  use  of  a 
one-dimens Iona  1  inviscid  core  flow  plus 
boundary  layer  approach  at  and  near  the 
head  end  of  the  grain  port.  As  has  been 
shown  experimentally  by  Yamada  and  Goto 
(12)  and  by  Dunlap,  et.  al.  (13),  and 
analytically  by  Beddinl  (8-10),  among 
others  (as  discussed  earlier),  the  entire 
flow  near  the  head  end  of  a  perforated 
grain  port  must  be  highly  two-dimensional, 
precluding  use  of  such  an  analysis.  Only 
at  a  distance  a  considerable  number  of 
diameters  downstream  of  the  motor  head  end, 
where  the  ratio  of  blowing  velocity  to 
crossflow  velocity  has  dropped  below  a 
critical  value  (as  the  crossflow  velocity 
builds  up)  Is  such  an  analysis  appli¬ 
cable.  In  the  upstream  regions,  the  highly 
two-dimensional  nature  of  the  flow  results 
in  near-wall  turbulence  intensities  being 
quite  small  compared  to  those  that  would  be 
predicted  by  the  analysis  of  Xuo  and 
coworkers.  As  a  result,  as  discussed  by 
Beddinl,  erosive  effects  In  the  upstream 
regions  of  perforated  grains  should  be 
considerably  less  than  predicted  by  t‘'is 
analyses . 

In  Reference  51,  Xuo  and  coworkers  present 
a  model  of  erosive  burning  of  double-base 
propellants;  analysis  of  the  flow  is 
similar  to  that  for  their  composite  propel¬ 
lant  modeling.  In  this  study,  the  authors 
do  treat  multiple  reaction  zones,  observed 
in  the  combustion  of  double-base  propel¬ 
lants.  Again,  however,  In  calculation  of 
heat  release  rates  In  these  zones,  the 
authors  assume  that  these  are  controlled  by 
eddy  breakup,  in  this  case  Involving  the 
mixing  of  "lumps"  of  unburned  and  fully- 
burned  gases.  Accordingly,  the  heat 
release  rate  again  goes  to  zero  as  turbu¬ 
lent  kinetic  energy  goes  to  zero  since  they 
have  once  more  neglected  molecular 
diffusion  mixing  processes  -  thus,  this 
model  too  is  suspect  for  crossflows  not 
leading  to  high  erosive  burning  ratios 
since  It  cannot  give  the  correct  zero- 
crossflow  burning  rate  limit,  in  this 
author's  opinion  a  minimum  requirement  for 
a  realistic  erosive  burning  model  as 
discussed  above. 


4.2  MODELING  EFFORTS  OF  KING 

4.2.1  FIRST-GENERATION  COMPOSITE 
PROPELLANT  MODEL 

The  "first-generation"  composite  propellant 
erosive  burning  model  by  King  (27,48,53)  is 
based  o.n  a  hypothesis  that  augmentation  of 
burning  rate  by  crossflow  Is  caused  solely 
by  the  bending  of  columnar  diffusion  flames 
(involving  reaction  of  ammonium  perchlorate 
and  binder  decomposition  products)  with 
resultant  movement  of  this  0/F  flame  closer 
to  the  surface,  causing  Increased  heat 
feedback  flux;  affects  of  crossflow-induced 
turbulence  on  transport  properties  Is  not 
considered.  Although  this  model  does  yield 
good  predictive  capability  for  erosive 
burning  rates,  it  requires  physically 
unrealistic  values  of  some  of  the  para¬ 
meters  grouped  in  three  constants  used  to 
fit  zero-crossflow  burning  rate  data  (an 
integral  part  of  the  procedure). 
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Accordingly,  this  model  was  eventually 
discarded  by  the  author  In  favor  of  a  more 
fundamental  "second-generation"  model 
(presented  in  the  next  section)  In  which 
both  zero-crossflow  and  erosive  burning 
rates  are  predicted  from  first  principles 
and  In  which  both  flame-bending  and  turbu¬ 
lence-augmented  transport  property 
mechanisms  are  included.  However,  for  sake 
of  completeness,  a  brief  description  of  the 
"first-generation"  model  Is  Included  here. 


required  per  unit  mass  of  propellant 
consumed  is  Independent  of  burning  rate): 

0*  '"feedback  *  '-Diff^'-KIn  (9) 

(The  rationale  leading  to  this  type  of 
sufUining  of  flames  from  the  two  different 
flames  is  discussed  in  detail  in 
Reference  53. ) 


A  schematic  depicting  the  "first  genera¬ 
tion"  composite  propellant  erosive  burning 
model  is  presented  in  Figure  5.  In  the 
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Figure  5.  Sketch  of  King  Flrst-Goneration 
Model  Postulated  Erosive  Burning 
Mechanism 


first  part  of  the  figure,  the  flame 
processes  occuring  in  the  absence  of  cross- 
flow  are  depicted.  There  are  two  flames 
considered:  an  ammonium  perchlorate 
deflagrat  on  monopropellant  flame  close  to 
the  surface;  and  a  columnar  diffusion  flame 
resulting  from  mixing  and  combustion  of  the 
ammonium  perchlorate  deflagration  products 
and  fuel  binder  pyrolysis  products  at  an 
average  distance  somewhat  further  from  the 
surface.  Three  important  distance  para¬ 
meters  considered  are  the  distance  from  the 
propellant  surface  to  the  “average" 
location  of  the  kinetically  controlled 
ammonium  perchlorate  monopropellant  heat 
release  (Lj),  the  distance  associated  with 


mixing  of  the  oxidizer  and  fuel  for  the 
diffusion  flame  flQ^ff),  and  the  distance 
associated  with  the  fuel -ox1d izer  reaction 
time  subsequent  to  mixing  (Lvi.).  (An 
alternate  way  of  thinking  about  this  last 
distance,  which  It  is  difficult  to  show  In 
the  figure  Is  to  picture  two  stacked  cones 
in  the  figure,  separated  by  the  distance 
L)(l„.)  A  heat  balance  between  heat  feed¬ 
back  from  these  two  flames  and  the  energy 
requirements  for  heating  the  propellant 
from  its  Initial  temperature  to  the  burning 
surface  temperature  and  decomposing  it 
yields  (assuming  that  the  heat  feedback 


The  situation  pictured  as  prevailing 
with  a  crossflow  Is  shown  in  the  second 
part  of  Figure  5.  Since  Li  and  are 

both  kinetically  controlled  and  are,  thus, 
simply  proportional  to  a  characteristic 
reaction  time  (which  is  assumed  to  be 
unaffected  by  the  crossflow)  multiplied  by 
the  propellant  gas  velocity  normal  to  the 
surface  (which  for  a  given  formulation  Is 
fixed  by  burning  rate  and  pressure  alone), 
these  distances  are  fixed  for  a  given 
formulation  at  a  given  burning  rate  and 
pressure,  independent  of  the  cross-flow 
velocity.  Of  course,  since  crossflow  velo¬ 
city  affects  burning  rate  at  a  given 
pressure  through  Its  influence  on  the  dif¬ 
fusion  process  as  discussed  below,  Lj  and 
are  Influenced  through  the  change  in 
burning  rate,  but  this  is  simply  coupled 
Into  a  model  by  expressing  L]  and  L|^.j„  as 
explicit  functions  of  burning  rate  and 
pressure  In  that  model.  The  important 
point  is  that  they  can  be  expressed  as 
functions  of  these  two  parameters  alone  for 
a  given  propel  lanT.”’  ~ 

However,  the  distance  of  the  effective 
mixing  zone  height  from  the  propellant 
surface  is  directly  affected  by  the  cross- 
flow.  To  a  first  approximation,  l-mff 
measured  along  a  vector  coincident  with  the 
resultant  and  crossflow  velocities  should 
be  the  same  as  LQ.jff  normal  to  the  surface 
in  the  absence  of  a  crossflow  at  the  same 
burning  rate  and  pressure.  A  simplified 
version  of  the  reasoning  leading  to  this 
conclusion  is  presented  In  Figure  6,  which 
Is  essentially  self-explanatory.  Wh'^'c  the 
time  required  for  a  parcel  leaving  the 
surface  to  travel  the  distance  in 

the  flow  direction  9  at  constant  burn  rate 
Is  inversely  proportional  to  the  sine  of 
the  flow  angle,  the  characteristic  mixing 
time  Is  also  decreased  since  the  average 
concentration  gradient  is  Increased  by  the 


•)  NO  CROSS-FLOW 


FROM  TALUFIAME  THEORY 
LOi«  •  k  p* 


b)  CROSSFLOW.  WITH  NET  RESULTANT  FLOW 


RESULTANT 


rfi*  itiburn/^’'* 

(iSING  GEOMETRIC  MEAN  DIAMETER  AS 
CHARACTERISTIC  DIAMETER  FOR  ELLIFSE. 


Loiff  •  *«  rt*  tf  p*.  tH  •  (dp  dp  tin#) 


•  k  flipuzn  dp^ 


Figure  6.  Procedure  For  Calculation  of  Dependency 
of  Diffusion  Distance  on  Flow  Angle 
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circular  cross-section  (in  the  absence  of 
crossflow)  being  converted  to  an  elliptical 
cross-section  with  major  axis  dp  (oxidizer 
particle  diameterj  and  minor  axis  dp 
sin  0.  Doing  an  exact  calculction^of  the 
effect  on  characteristic  mixing  time  is 
somewhat  difficult:-  however,  replacement 
of  the  circle  diameter  dp  by  the  geometric 
mean  ellipse  diameter  /dj'-  d  sin  0  in 
calculating  concentration  gradients  does 
not  seem  unreasonable.  When  this  is  done, 
the  magnitude  of  measured  in  the 

flow  direction,  is  calculated  to  be  Inde¬ 
pendent  of  flow  angle,  0,  as  shown  in 
Figure  6.  [A  somewhat  more  rigorous  (and 
immensely  more  complex)  analysis  has  been 
performed,  indicating  that  the  above 
approximation  is  quite  good  for 
0  >  20  degrees,  but  that  for  smaller 
angles  (columns  further  pushed  over),  the 
magnitude  of  Lg^ff  actually  begins  to 
decrease  relative  to  the  no-crossflow 
value. ] 


At  any  rate,  to  a  reasonably  good  approxi¬ 
mation,  the  magnitude  of  tgjff  is 
independent  of  the  crossflow  velocity  (at 
fixed  pressure  and  burning  rate)  although 
its  orientation  i-  not.  Thus,  the  distance 
from  the  surface  to  the  "average"  mixed 
region  is  decreased  to  Lg-jff  sin  0.  (See 
Figure  5.)  The  heat  balance  at  the  propel¬ 
lant  surface  now  yields;- 


1  '*l*^AP~^s* 

‘'feedback  “  Lj 


L(j,ffSin0*L^',n 


(10) 


This  picture  was  used  as  the  basis  of 
development  of  the  first  generation  flame 
bending  model  for  prediction  of  burning 
rate  versus  pressure  curves  at  various 
crossflow  velocities,  given  only  a  curve  of 
burning  rate  versus  pressure  in  the  absence 
of  crossflow.  The  general  approach 
utilized  in  development  of  this  model 
fo  1  lows 

1.  The  expressions  for  Li,  Lg^ff,  and 

as  functions  of  burning  rate  (or 
burning  mass  flux,  m  ),  pressure,  and 
propellant  properties  are  derived  and 
substituted  into  a  propellant  surface 
heat  balance. 

2.  The  resulting  equation  is  worked  into 
the  form  of  Equation  16  (developed  in 
succeeding  paragraphs)  for  burning  in 
the  absence  of  crossflow.  A  regres¬ 
sion  analysis  using  no-crossflow 
burning  rate  data  is  performed  to 
obtain  best  fit  values  for  Ag,  A^,  and 
Aj,  three  constants  appearing  in  this 
expression,  (d-  is  the  average 
ammonium  perchlbrate  particle  size. 

For  a  given  propellant,  the  burning 
rate  data  may  be  Just  as  effectively 
regressed  on  Ag,  A4,  and  Ajd^,  elimi¬ 
nating  the  necessity  of  actually 
defining  an  effective  average  particle 
size.) 

3.  From  these  results,  expressions  are 

obtained  for  Lj,  and  1^4.  as 

functions  of  burning  rate  (or  m)  and 
pressure. 

4.  These  expressions  are  combined  with  an 
analysis  of  the  boundary  layer  flow 
(which  gives  the  crossflow  velocity  as 
a  function  of  distance  from  the  pro¬ 
pellant  surface,  mainstream  velocity. 


and  propellant  burning  rate)  to  permit 
calculation  of  the  angle  0  (Figure  5), 
Li.  Loiff.  LKin.  ;  fo*-  «  9'''®" 
pressure  and  crossflow  velocity. 

In  the  derivation  of  burning  rate  for  a 
composite  propellant  in  the  absence  of  a 
crossflow,  an  energy  balance  at  the  propel¬ 
lant  surface  was  written  as  (see  Figure  5):- 


>A  (^f-^l  ,  ililAPlV 

*‘-Diff>  C-Kin*  'I 


(11) 


■  t’^p  ■*'^s'^o'  *  *'vap'‘'rx^ 

where  the  I's  are  thermal  conductivities, 

T^  IS  the  final  flame  temperature,  T^p  is 
the  ammonium  perchlorate  monopropellant 
flame  temperature,  T,  is  the  surface 
temperature,  T^  is  the  bulk  propellant 
temperature,  and  Qy/ip  and  Opy  are  heat  sink 
and  source  terms  in  the  solid  propellant. 
The  first  term  in  this  equation  represents 
heat  flux  from  the  final  flame  to  the 
surface,  the  second  represents  heat  flux 
from  the  ammonium  perchlorate  monopropel¬ 
lant  flame,  and  the  third  represents  the 
heat  flux  requirements  for  ablation  of  the 
propellant  at  the  mass  flux,  m.  (Several 
simplifying  assumptions  were  utilized  in 
writing  of  the  equation  in  this  form,  as 
discussed  in  detail  in  Reference  53.) 


The  monopropellant  ammonium  perchlorate 
flame  offset  distance,  Lj,  may  be  expressed 
as  the  product  of  a  characteristic  reaction 
timo,  Xj,  and  the  linear  velocity  of  gases 
leaving'the  propellant  surface:- 


(12) 


For  a  second-order  gas-phase  reaction 
(generally  assumed),  t,  is  inversely  pro¬ 
portional  to  pressure , 'and  for  a  given 
formulation,  the  gas  density  is  directly 
proportional  to  pressure,  yielding;- 

Lj  -  Kjm/P^  (13) 

A  similar  analysis  for  L|^^„  yields:- 

4in  -  d-') 

For  a  columnar  diffusion  flame,  it  may 
easily  be  shown  that  the  diffusion  cone 
height,  Lpjff,  may  be  expressed  as: 

*'0iff  ‘  '^3"'''p 


Equations  11  and  13-15  may  be  combined  to 
yield: 


m/p 


A3P  [1 


1/2 


1  * 


A-d^  P 
5  P 


(16) 


Burning  rate  versus  pressure  data  for  a 
given  propellant  in  the  absence  of  a  cross- 
flow  may  then  be  analyzed  via  a  fairly 
complicated  regression  analyisis  procedure 
to  yield  values  of  the  constants  A3,  A4, 
and  Aj  (or  A-d^)  for  that  given  propel¬ 
lant.  The  constants  Kj,  Kj,  and  K3  are 
related  to  these  constants  in  turn  by: 


(Tap  -  %) 

^2^3 


{17) 
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Ko  ■  2 

A2A3  A^ 

*5 

1^3  "  -Jin - 

'^2  3  4 

where : 

.  Ps  [<^0  f^s  -  ^o)  ♦  OvAP  -  OrxI 

*2 -  n 


(18) 

(19) 

(20) 


Data  of  Mickley  and  Davis  (62)  were  used  to 
develop  empirical  expressions  for  the  local 
crossflow  velocity  as  a  function  of 
distance  from  the  propellant  surface,  main¬ 
stream  crossflow  velocity,  and 
transpiration  rate  (gas  velocity  normal  to 
the  propellant  surface).  In  this  analysis. 
It  was  decided  that  the  transpiration  velo¬ 
city  should  be  calculated  as  the  gas 
velocity  normal  to  the  surface  at  the  final 
flame  temperature.  (Mickley  and  Davis 
correlations  are  based  upon  the  ratio  of 
mainstream  velocity  to  transpiration 
velocity.) 


The  analyses  described  above  were  used  In 
derivation  of  eight  equations  in  eight 
unknowns  for  the  burning  of  a  given 
composite  propellant  at  a  given  crossflow 
velocity;  a  computer  code  was  developed  to 
solve  this  equation  set,  yielding  a 
predicted  burning  rate  for  a  given  pres¬ 
sure,  crossflow  velocity  and  set  of 
constants  A3,  A^,  and  A-d^  obtained  from 
regression  of  no-crossfiow  data  for  that 
propellant.  Details  appear  in 
Reference  53.  As  mentioned  earlier,  this 
model  was  used  to  successfully  predict 
erosive  burning  rates  for  a  number  of  com¬ 
posite  propellants  over  a  wide  range  of 
pressures  and  crossflow  velocities; 
however,  examination  of  some  of  the  inter¬ 
mediate  parameters  for  calculation  of  the 
various  distance  parameters  Indicated 
physically  unrealistic  values. 

Accordingly,  this  model  was  abandoned  in 
favor  of  a  more  fundamental  "second-genera¬ 
tion"  model,  described  in  the  next  section. 


4.2.2 


SECOND-GENERATION  COMPOSITE 
PROPELLANT  MODEL 


King's  “second-generation"  erosive  burning 
model  for  composite  propellants  (31,32,54) 
Is  built  on  a  zero-crossflow  composite 
propellant  burning  model,  also  developed  by 
King  (63),  which  is,  in  turn,  loosely  based 
on  the  classic  Beckstead-Derr-Price  (BDP) 
model  (64)  (though  with  many  major  and 
minor  modifications  as  described  in  detail 
In  Reference  63).  Both  two-dimensional  and 
axisymmetric  versions  of  this  erosive 
burning  model  were  developed;  the  version 
described  In  the  following  paragraphs  was 
developed  for  the  two-d (mens fona  1  slab 
geometry  employed  in  the  previously- 
described  experimental  program  conducted  by 
King  in  the  Atlantic  Research  Corporation 
test  apparatus.  The  version  for  treatment 
of  cyl Indrical ly-perforated  grain  ports  was 
developed  via  straightforward  modifications 
to  the  two-dimensional  model  version,  with 
the  main  modifications  Involving  a  change 
in  zero-blowing  skin  friction  coefficient 
expressions  and  modification  of  the 
momentum  Integral  equation  used  in  calcula¬ 
tion  of  local  shear  stress  as  a  function  of 


distance  from  the  propellant  surface,  and 
will  not  be  discussed  further.  A 
relatively  brief  description  of  the  two- 
dimensional  model  Is  presented  below;  for 
further  details,  the  reader  Is  directed  to 
References  31  ,  32,  54  ,  and  63., 

The  basic  model  centers  around  an  energy 
balance,  the  product  of  burning  mass  flux 
and  energy  requirements  to  raise 
Ingredients  from  ambient  to  surface 
temperature  (related  to  burn  rate  by  an 
Arrhenius  function)  and  vaporize  that  frac¬ 
tion  not  consumed  In  subsurface  reactions 
being  equated  to  the  sum  of  heat  release 
rate  from  subsur  .'ace  reactions  and  heat 
feedback  rates  from  two  gas  flame  zones 
(figure  7).  Thus,  burning  rate  is  con¬ 
trolled  by  three  heat  release  zones:  (1)  a 
thin  subsurface  zone;  (2)  a  gas-phase  AP 
decomposition  product  monopropellant  flame; 
and  (3)  a  diffusion  flame  between  AP  pro¬ 
ducts  and  binder  pyrolysis  products. 


Figure  7.  Sohemntio  of  Postulated  Compo.site 

Propellant  Flaoo  Structure,  With  and 
Without  Crossflow 


Subsurface  heat  release  is  calculated  using 
an  estimated  subsurface  temperature  profile 
substituted  Into  a  rate  expression  repre¬ 
senting  subsurface  heat  release  data 
measured  by  Waesche  and  Wenograd  (65). 

This  expression  Is  Integrated  from  the 
surface  to  a  depth  wnere  the  temperature 
equals  the  AP  melting  point  to  obtain  total 
subsurface  heat  release.  This  procedure 
differs  from  the  BDP  approach,  in  which 
subsurface  heat  release  per  unit  mass  of 
propellant  Is  assumed  constant.  Independent 
of  burning  rate. 


For  the  gas  phase,  a  two-flame  approach  was 
chosen  (In  contrast  to  the  three-flame 
approach  of  BDP),  the  flames  being  an  AP 
monopropellant  flame  and  a  columnar  diffu¬ 
sion  [Burke-Schumann  (66)]  flame.  Three 
distances  (FH90  sin  9,  L.p  and  Lpj.)  are 
important  in  determln ing"neat  feedback  from 
these  flames  (Figure  7).  rH90  is  a 
distance  associated  with  90-percent  mixing 
of  fuel  and  oxidizer  gases,  while  Lp;;  and 
L;^p  are  reaction  distances  (products  of  gas 
velocity  normal  to  the  surface  and  reaction 
times)  associated  with  diffusion  and  mono¬ 
propellant  flames,  respectively.  As 
discussed  in  the  previous  section, 
describing  King's  “first-generation"  model, 
crossflow-induced  flame  bending  is  postu¬ 
lated  to  reduce  the  mixing  region  height  by 
the  factor  sine,  where  9  Is  determined  by 
the  resultant  of  local  transpiration  and 
crossflow  velocities.  AP  monopropellant 
flame  heat  release  Is  assumed  to  occur  at 
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one  plane,  while  the  diffusion  flame 
releases  heat  in  a  distributed  fashion 
[defined  by  a  Burke-Schumman  (66)  analysis) 
between  distances  Lpy  and  Lpy  +  FH90 
sin  6  from  the  surface. 

Details  of  equation  development  for  the 
unimodal  oxidizer  non-meta 1 1 ized  propellant 
model  appear  in  References  54  and  63.- 
Included  in  this  model  are  three  “free" 
constants  (pre-exponentials  associated  with 
the  subsurface  rate  expression  and  two  rate 
expressions  used  to  calculate  gas-phase 
reaction  times).  Optimized  values  for 
these  constants  were  chosen  using  no¬ 
crossflow  burning  rate  data  for  four 
unimodal  oxidizer  AP/HTPB  (hydroxy- 
terminated  polybutadiene)  formulations  and 
subsequently  used  in  all  other  calcu¬ 
lations.- 


The  model  was  extended  to  multimodal 
oxidizer  formulations  using  a  variation  of 
Glick's  "petit  ensemble"  approach  (67). 
First,  a  multimodal  oxidizer  formulation  is 
divided  into  subpropellants,  each 
constaining  oxidizer  of  one  size.  These 
subpropellants  are  assumed  to  burn  non¬ 
in  terac  t  i  vely  ,  with  the  unimodal  model 
being  used  to  calculate  individual  mass 
fluxes.  Oxidizer  of  one  size  is  allowed  to 
affect  another  subpropellant's  burning  rate 
only  through  possible  influence  on  the 
assignment  of  fuel  .to  that  subpropellant. 
Unequal  oxidizer/fuel  ratios  for  the 
subpropellants  are  permitted  via:- 


'f  ,di 


(“o.i) 


XEXPOF 


(21) 


where  is  the  fuel  volume  assigned  to 

a  partiile’of  diameter  D  ,,  XEXPOF  is  an 
arbitrary  constant,  and  Cvis  fixed  by 
overall  continuity.  (XEXPOF  •  3  results  in 
equal  oxidizer/fuel  ratios  for  each  subpro¬ 
pellant,  while  XEXPOF  <  3  results  in 
subpropellants  with  small  oxidizer  being 
more  fuel-rich  than  those  with  large 
oxidizer.  XEXPOF  -  3  was  used  in  the  fol¬ 
lowing  calculations.)  In  averaging  the 
individual  subpropellant  fluxes,  Glick 
assumes  that  the  average  fractional  surface 
area  associated  with  subpropellant  i  is 
equal  to  its  overall  volume  fraction. 
Critical  analysis  indicates,  however,  that 
if  the  subpropellants  burn  at  different 
rates,  slower  burning  ones  will  occupy  a 
disproportionately  higher  fraction  of 
surface.  Development  of  this  concept  for 
XEXPOF  -  3  leads  to: 


7  -  Ml  (x^/r^)  (22) 

replacing  Glick's  expression: 

7  -  Ex^r,  (23) 

r^  •  Burning  rate  of  subpropellant  i 

X(  -  Hass  fraction  of  overall 

_  propellant  in  subpropellant  i 

7  •  Average  burning  rate 


Surface  agglomeration  of  aluminum  is  calcu¬ 
lated  using  equations  developed  by 
Beckstead  (68).  Particle  ignition  delays 
are  calculated  as  times  to  heat  particles 
from  surface  temperature  to  an  assigned 
ignition  temperature  (2100'’K),  while 
particle  burning  rates  are  calculated  using 
an  expression  by  Belyaev  (69).-  The  trans¬ 
piration  gas  velocity  profile  is  calculated 
assuming  a  linear  temperature  profile  from 
the  surface  to  the  end  of  the  diffusion 
flame.  A  force  balance  on  a  particle  is 
then  integrated  from  the  surface,  utilizing 
a  fitted  drag  coefficient  equation  assumed 
[based  on  Marshall's  study  (70)]  to 
Increase  by  a  factor  of  2.5  after  Ignition, 
to  yield  a  particle  time-distance 
history.  Coupling  of  this  analysis  with 
ignition  time  and  burning  rate  expressions 
permits  calculation  of  metal  combustion 
heat  release  distribution  for  each  metal 
particle  size  (agglomerated  and  unagglo¬ 
merated)  and,  finally,  calculation  (by 
superposition  procedures)  of  the  rate  of 
conductive  feedback.  Radiative  feedback 
was  approximated  using  a  cloud  emissivity 
based  on  fractional  area  subtended  by 
particles  within  an  assigned  distance  from 
the  surface.  (For  the  one  metalized  formu¬ 
lation  tested,  radiative  transfer  had 
negligible  effect  on  predicted  burning 
rate.)  Further  details  of  the  treatment  of 
tt  ■  effects  of  aluminum  on  composite  pro- 
pc.iant  combustion  are  given  in 
Reference  32. 

Two  postulated  erosive  burning  mechanisms 
were  utilized.  The  first,  enhancement  of 
transport  properties  by  crossflow-induced 
turbulence,  decreases  oxidizer/fuel  gas 
mixing  distance  and  Increases  effective 
thermal  conductivity  between  the  heat 
release  zones  and  the  surface.  In  addi¬ 
tion,  as  discussed  earlier,  columnar 
diffusion  flame  bending  is  postulated  to 
decrease  the  mixing  distance  component 
normal  to  the  surface  through  distortion  of 
the  mixing  cone. 

Calculation  of  crossflow  effects  on  burning 
rate  via  these  mechanisms  requires  a  fluid 
flow  analysis  for  determination  of  velocity 
and  turbulence  profiles.  A  summary  of  the 
procedures  follows;  details  appear  in 
Reference  54. 

First,  estimates  of  burning  rate  and  flame 
height  are  made.  A  non-blowing  skin 
friction  coefficient  is  calculated  from 
empirical  flat-plate  equations  as  a 
function  of  crossflow  Reynolds'  Number  and 
roughness  height.  It  should  be  noted  in 
passing  that  there  are  typographical  errors 
in  the  equations  presented  in  Reference 
54.  Equation  29  in  that  reference  should 
read:- 

-  D.0D14D  ♦  D.125  Re"®'^^  (24) 

and  Equation  30  in  that  reference  should 
read: 


The  original  model  was  also  extended  to 
treat  metalized  propellants.  The  metal 
(aluminum)  is  allowed  to  alter  burning  rate 
through  heat  sink  effects  and  by  conductive 
and  radiative  feedback  from  burning  metal 
particles.  Phenomena  treated  included 
agglomeration,  particle  velocity  lags, 
ignition  delay,  particle  combustion,  con¬ 
ductive  feedback  from  multiple  heat  release 
zones,  and  radiative  feedback.  For  multi¬ 
modal  oxidizer  formulations,  distribution 
of  metal  among  subpropellants  is  treated 
identically  to  that  of  binder. 


.  D.95  [4  logjQ  (R/k)  t  3.48]'^  (25) 


A  blowing  parameter,  b: 

b  -  2mp/(pUCf„)  (26) 

U  -  Mainstream  crossflow  velocity 

Cfo  ■  Non-blowing  skin  friction 

coefficient 
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is  then  calculated  for  determination  v,i  the 
actual  skin  friction  coefficient,  Cf.  Due 
to  a  lack  of  data,  particularly  at  high 
blowing  numbers  of  Interest,  several 
optional  expressions  relating  Cf/Cfg  to  b 
were  initially  considered.  An  expression, 
based  on  the  work  of  Kutataladze  and 
Leont'ev  (14),  which  agreed  well  with 
limited  data  and  gave  reasonable  results  on 
extrapolation  was  finally  selected:- 

Cf/Cfo  -  (1  -  b/10)^/(l  ♦  b/lO)®-'*  (27) 

As  may  be  noted,  this  expression  yields 
negative  skin  fraction  values  for  b  >  10:- 
this  is  interpreted  as  indicating  boundary 
layer  separation.  For  such  cases,  it  is 
assumed  that  the  velocity  profile  assumes 
the  cosine  shape  measured  by  Yamada  and 
Goto  (12). 

With  Cf,  wall  shear  stress  is  calculated 
straightforwardly  and  substituted  into  an 
expression  (based  on  momentum  integral 
analysis)  for  local  shear  stress:- 

^  '  "wall  *  (28): 

y  ■  Distance  from  propellant  surface 

u  •  Local  crossflow  velocity 

K  -  Constant,  function  of  mainstream 

crossflow  velocity,  burning  rate, 
and  channel  dimensions 

An  eddy  viscosity  approach  is  used  to 
relate  t  to  the  local  crossflow  velocity 
gradient: 

T  -  (p  -f  pe)  du/dy  (29) 

With  specification  of  an  expression 
relating  e  to  y  and  du/dy,  (discussed 
later)  assumption  of  a  linear  temperature 
profile,  and  use  of  expressions  relating 
density  and  viscosity  to  temperature. 
Equations  28  and  29  are  then  combined  and 
numerically  integrated  from  u  -  0  at  y  -  0 
(surface)  to  yield  u(y),  p(y),  M(y), 

and  e(y).  (Streamline  shapes  are  also 
calculated,  permitting  calculation  of  the 
fame  bending  angle,  9.)  The  eddy 
viscosity  distribution  is  then  used, 
assuming  Reynolds'  analogy,  to  calculate 
total  effective  conductivity  and 
diffusivlty  distributions.  Total  transport 
property  values  averaged  over  appropriate 
zones  are  then  calculated  and  used  in 
mixing  and  heat  feedback  equations  to 
calculate  revised  burn  rates  and  flame 
distances,  '’'his  procedure  is  repeated  to 
convergence.  (It  should  be  noted  that  the 
averaging  procedure  has  been  modified  from 
that  used  for  calculations  presented  in 
Reference  54  to  better  allow  for  the  fact 
that  the  effect  of  gas-phase  heat  release 
on  burning  rate  decreases  exponentially 
with  distance  from  the  surface.  In  addi¬ 
tion,  effects  of  flame  curvature  on  the 
flame  bending  Influence  have  been  added.) 

Several  eddy  viscosity  models  for  closure 
of  the  boundary  layer  analysis  were 
included:  All  entail  use  of  a  Prandtl 
mixing-length  expression: 

e  -  .168  (y  *  y^)^  (DF)^  du/dy  (30) 

where  DF  is  a  damping  factor  (function  of 
such  parameters  as  blowing  ratio,  axial 
pressure  gradient,  and  roughness  height) 
while  y.  is  an  offset  factor  dependent  on 
roughness.  The  most  comprehensive  form  of 


expression  for  DF  employed  was  one  based  on 
a  modified  form  of  an  empirical  relation 
developed  by  Kays  and  Moffat  (71)  which 
includes  the  effects  of  blowing  and  axial 
pressure  gradient  but  does  not  include  the 
effects  of  wall  (surface)  roughness.  The 
modifications  added  by  King  were  an  attempt 
to  include  the  effects  of  roughness  using 
approaches  suggested  by  the  works  of  Van 
Driest  (60)  and  Cebeci  and  Chang  (61). 

As  may  be  seen  from  Table  II  (presented  in 
the  Experimental  Studies  section),  there 
were  ten  uncatalyzed  HTPB  binder  composite 
propellant  formulations  studied  in  the 
Atlantic  Research  Corporation  test 
apparatus,  permitting  extensive  checkout  of 
the  model  described  above.  (Predictions 
were  not  made  for  the  catalyzed  formulation 
since  the  model  does  not  include  the  capa¬ 
bility  of  treating  catalysts;  however,  the 
data  are  included  in  the  following  discus¬ 
sion  of  the  effects  of  various  parameters 
on  sensitivity  of  formulations  to  cross- 
flow.)  The  polyester  formulations  were 
also  not  checked  against  the  model  since 
the  limited  data  base  for  these  formula¬ 
tions  is  inadequate  for  evaluation  of  the 
three  "free"  constants  in  the  model,  which 
would  almost  certainly  be  different  for 
different  binder  systems.  (Recall,  the 
values  of  the  constants  for  the  HTPB-AP 
formulations  were  chosen  using  zero- 
crossflow  data  for  Formulations  4525,  5051, 
4685,  and  5542  , the  four  unimodal  oxidizer 
formulations) . 

Erosive  burning  test  results  are  presented 
in  Figures  8  -  18,  in  the  form  of  burning 
rate  versus  pressure  at  various  crossflow 
velocities.  In  addition,  theoretical 
predictions  are  presented  for  all  but  the 
catalyzed  formulation  (4869)  in  these 
figures.  As  may  be  seen,  the  agreement 
between  data  and  predictions  for  the  no¬ 
crossflow  conditions  is  excellent  for  all 
formulations  except  7996,  where  the  theore¬ 
tically  predicted  bu-ninq  rates  are  10  to 


Figure  8.  Burning  Rato  Predictions  (Solid  Linos) 
and  Data  (Points)  For  Formulation  4525 
(73/27  AP/HTPB,  20  Micron  AP), 
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PRESSURE  (MPA) 

Figure  9.  Burning  Bate  Predictions  (Solid  lines) 
and  Data  (Points)  For  Forrulation  50^1 
(73/ -27  AP/HTPB,-  200  Micron  AP) 
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PRESSURE  (MPA) 

Figure  11.  Burning  Rate  Predictions  '(Solid  Lines) 
and  Bata  (Points)  For  Formulation  5542 
,(77/23  AP/HTPB,,  20  Micron  A?) 


PRESSURE  (MPA) 

i'lgure  10.  Burning  Rate  Predictions  '{Solid  Lines). 

and  Data  (Points)  For  Fomulation  4635 
(73/27  ;P/HTPB,  5  Micron  AP) 


20  percent  liigh.  In  addition,  t)ie  cross- 
flow  effect  predictions  agree  reasonably 
well  wit)i  t)ie  data  In  general.  W1t)i  the 
baseline  formulation  (4525),  the  theory 
slightly  underpredicts  the  effect  of  cross- 
flow  cn  burning  rate,  while  with  5051, 

4685,  end  5542  (the  other  three  non- 
cata'yzid  unimodal  oxidizer  formulations), 
agreement  between  theory  and  data  Is 
excellent.  The  model  predicts  that  the 
high  burning  rate  formulation  (5555)  should 
be  quite  Insensitive  to  crossflow  velocity, 


PRESSURE  (MPA) 


Figure  12.  Burning  Rato  Predictions  (Solid  Linos) 
and  Data  (Points)  For  Formulation  5565 
(82/18  AP/hTPB,  13.65?  90  Micron  AP, 
68.151  ?nn  Micron  *P) 


in  excellent  agreement  with  experiment. 
Formulation  5565,  on  the  other  hand, 
appears  to  he  slightly  less  sensitive  to 
crossflow  than  predicted,  particularly  at 
the  lower  pressures  (1-3  MPa).  Agreement 
between  theory  and  data  for  the  remaining 
three  multimodal  oxidizer,  non-metal (zed 
formulations  Is  good,  except  that  the  zero- 
cros;  low  offset  between  theory  and  data 
for  76  appears  to  be  maintained  for  the 
cm  -,,t  low  cases..  Finally,  the  rather 


BURNING  RATE  (CM/SEC) 


PRESSURE  (MPA)  PRESSURE  (MPA) 


Figurf'  ‘’3.,  Burning  Pate  Predictions  (Solid  Linos^ 
and  Data  (Points)  For  Formulation  5555 
(82/18  AP/HTPD,  4U  1  Micron  AF» 

7  ’'-cron  AP) 


Figure  15.  Burning  Rate  Predictions  (Solid  Lines) 
and  Data  (Points)  For  Formulation  7P96 
(82/18  AP/HTPB,  41?  20  Micron  AP,  41? 
200  *^icron  AP) 
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Figure  14,  Burning  Rate  Predictions  (Solid  Lines) 
and  Data  (Points)  For  Formulation  7993 
(8?/lR  "  i^icrcn  AP  41'^ 

90  vioron  AP)'  . 


Figure  16.  Burning  Rate  Predictions  (Solid  Lines) 
and  Data  (Points)  For  Formulation  3019 
(82/18  AP/HTPB,  27.3?  1  Micron  AP, 

•I'l  *>'#  'in  lit  AV.-V  ‘n  ''I'*  r^r^n  «»  •• 


limited)  data  for  the  metalized  formulation 
(6626)  appear  to  be  in  general  agreement 
with  predictions. 

Results  for  the  various  formulations  may  be 
compared  to  identify  parameters  dominating 
the  sensitivity  of  burning  rate  to  cross- 
flow.  Formulations  4525,  5051,  and  4685 
were  identical  except  for  oxidizer  particle 
size  (and,  as  a  consequence)  base  (no¬ 


crossflow)  burning  rate.  Examination  of 
Figures  8-10  revoals  that  the  crossflow 
sensitivity  increases  with  increasing 
particle  size  (decreasing  base  burning 
rate).  For  example  at  200  m/sec  and  5  HPa, 
the  augmentation  ratios  for  4685,  4525,  and 
5051  are  about  1.10,  1.60,  and  2.00, 
respectively. 

Comparison  of  data  for  4525  and  4869, 
differing  only  in  use  of  catalyst  in  the 
latter  (with  consequent  hiqher  base  burn 
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Figure  17,  Burning  Rate  .“rediotions  (Solid  Lines) 
and  Data  (Points)  For  Fornulation  6626 
(74/21/5  AP/HTPB/Al,  70?  90  Micron  AP, 
4?  200  Micron  AP) 


sensitivity  to  low  crossflow  velocities  at 
8  MPa,  with  the  catalyzed  propellant  being 
only  slightly  more  sensitive  at  higher 
velocities.  Thus,  it  appears  that  it  is 
the  base  burning  rate  rather  than  the 
oxidizer  particle  size  which  dominates  the 
sensitivity  of  this  series  of  four  73/27 
AP/HTPB  formulations  to  crossflow,  though 
oxidizer  size  itself  does  appear  to  have  a 
slight  additional  effect,  crossflow  sensi¬ 
tivity  decreasing  with  decreasing  size  at 
constant  base  rate. 

Formulation  5542  differs  from  4525  in 
oxidizer/fuel  ratio  and  consequently  flame 
temperature.  Since  oxidizer  particle  size 
was  held  constant,  the  higher  0/F  ratio 
results  in  higher  base  rate  for  5542.  The 
data  (Figure  8  and  11)  indicate  that  the 
crossflow  sensitivity  of  5542  is 
considerably  lower  over  the  entire  range  of 
conditions  studied.  Comparison  of  results 
for  5565  and  4525,  which  differ  in  0/F 
ratio,  but  have  the  same  base  burning 
behavior  (due  to  compensating  AP  particle 
size  differences),  indicates  that  the 
sensitivity  of  these  two  formulations  to 
crossflow  is  nearly  identical. 

Accordingly,  it  may  be  concluded  that  0/F 
ratio  (and  consequently  flame  temperature) 
changes  do  not  directly  effect  the  erosion 
sensitivity  of  these  formulations,  but  only 
affect  it  through  their  effect  on  base 
burning  rate. 
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Figure  1b.  Burning  Rate  Data  (No  Predictions)  For 
Fornulation  4869  (72/26/2  AP/HTPB/ 

Iron  Oxide,  20  Micron  AP) 

rate)  again  shows  an  increase  in  crossflow 
sensitivity  with  decreasing  base  rate.  At 
5  MPa  and  200  m/sec,  their  respective  burn 
rate  augmentation  ratios  are  1.60  and  I.IO, 
while  at  600  m/sec,  the  r/r^  values  are  2.3 
and  1.7.  Thus,  base  burn  rate  is  seen  to 
affect  erosion  sensitivity  even  at  constant 
oxidizer  size. 

Formulations  4685  and  4869  have  approxi¬ 
mately  the  same  base  burning  rate  at  8  MPa, 
although  their  oxidizer  sizes  are 
different,  uata  comparison  indicates  that 
these  formulations  have  nearly  the  same 


Formulation  6626  (metalized)  has  nearly  the 
same  base  burning  characteristics  as  4525 
and  5565  and  approximately  the  same  flame 
temperature  as  5565.  The  data  of  Figures 
8,  12,  and  17  reveal  that  all  three  formu¬ 
lations  have  quite  similar  erosive  burning 
characteristics.  For  example,  at  760  m/sec 
and  2.8  MPa,  the  augmentation  ratios  for 
4525,  5565,  and  6626  are  2.1,  2.25,  and 
2.1,  while  at  260  m/sec  and  4.0  MPa,  they 
are  1.65,  1.55,  and  1.60.  These  results 
support  a  conclusion  that  the  dominant 
factor  affecting  crossflow  sensitivity  of 
composite  propellants  is  base  burning  rate, 
largely  independent  of  the  factors  deter¬ 
mining  that  base  rate. 

Formulations  5565,  5565,  7993,  7996,  and 
8019  are  identical  in  composition  (82/18 
AP/HTPB)  differing  only  in  oxidizer 
particle  size  blends,  which  were  adjusted 
to  give  a  range  of  base  (zero-crossflow) 
burning  rate  versus  pressure  charac¬ 
teristics.  In  Figure  19,  data  extracted 


Figure  19.  Summary  of  Results  For  82/18  AP/HTPB 
Formulations 
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from  Figures  12  -  16  are  plotted  in  the 
form  of  burning  rate  augmentation  factor 
(r/rp)  versus  base  burning  rate  for  three 
combinations  of  pressure  and  crossflow 
velocity.  As  may  be  seen,  the  augmentation 
factor  decreases  monotonical ly  and  fairly 
smoothly  with  increasing  base  burning  rate, 
again  indicating  the  importance  of  that 
parameter  on  crossflow  sensitivity. 

A  summary  of  the  above  comparisons, 
delineating  the  effects  of  various  para¬ 
meters  on  crossflow  sensitivity  of  burning 
rate  was  presented  earlier  as  Table  III. 

As  may  be  seen  from  Figures  8  -  18,  the 
"second  generation"  composite  propellant 
model  by  King  predicts  these  observed 
tendencies  quite  well ., 

4.2.3  DOUBLE-BASE  PROPELLANT  MODEL 

In  the  modeling  of  erosive  burning  of 
double-base  propellants  by  King  (55,56), 
effects  of  crossflow  on  a  multiple  heat- 
release  zone  combustion  wave,  as  described 
by  Rice  and  Ginell  (72),  were  examined. 

The  proposed  flame  structure  (Figure  20) 
consists  of  three  separate  reaction 
zones.  Heat  feedback  raises  the  propellant 
from  its  bulk  temperature  to  a  temperature, 
near  the  surface,  at  which  reaction  to 
preliminary  intermediates  (gas  and/or 
spray)  takes  place.  These  fragments  are 
further  heated  by  the  thermal  wave  until  a 
second  set  of  reactions  occurs  in  a  fizz 
reaction  zone.  Finally,  there  is  a  long 
induction  zone  (dark  zone)  terminated  by  a 
final  thin  luminous  flame  zone  (reasonably 
approximated  as  a  flame  sheet).  Without 
crossflow,  the  extreme  length  of  the  dark 
zone  and  the  low  molecular  conductivity 
result  in  negligible  heat  feedback  from  the 
final  flame,  decoupling  it  from  the  burn- 
rate-controlling  fizz  zone  and  surface 
reaction  zone  p'ocesses.  However,  with 
crossflow,  induced  turbulence  can  increase 
the  average  effective  thermal  conductivity 
across  the  dar'  zone  by  one  to  two  orders 
of  magnitude,  resulting  in  appreciable  heat 
flux  back  to  the  fizz  zone  and  raising  its 
temperature  markedly.  This,  in  turn,  acce¬ 
lerates  reactions  in  this  zone,  causing 
increased  heat  feedback  to  the  surface. 


However,  due  to  the  ges/liquid  froth  struc¬ 
ture  of  this  zone,  it  is  not  clear  how 
effectively  such  turbulence  will  penetrate 
through  it.-  Accordingly,  two  limiting-case 
analyses  were  developed.-'  (1)  no  turbulence 
penetration  into  the  fizz  zone,  with  the 
outer  edge  of  this  zone  being  considered  to 
be  an  effective  surface;  and  (2)  treatment 
of  the  fizz  zone  as  a  gas,  with  boundary 
layer  analysis  beginning  at  the  actual 
propellant  surface.  (As  will  be  discussed 
later,  only  the  second  model  variant  gave 
predictions  in  good  agreement  with  data.) 


First,  a  model  was  developed  for  prediction 
of  burning  rate  as  a  function  of  pressure 
and  heat  of  explosion  in  the  absence  of 
crossflow.  As  indicated  earlier,  under  no¬ 
crossflow  conditions,  the  final  flame  is 
decoupled  and  the  temperature  gradient  at 
the  inner  edge  of  the  dark  zone  is  zero.. 

The  fizz  reaction  zone  is  assumed  to  be 
infinitesimally  thin,  its  distance  from  the 
surface  being  the  product  of  gas  outflow 
velocity  and  a  characteristic  reaction 
time.  Following  Beckstead  (73),  mass  flux 
and  surface  temperature  are  related  by  :• 

m  -  5000  exp  (-lOOOO/RT^)  gm/cm^sec  (31) 


Solution  of  the  Fourier  equation  (with  no 
source  term)  between  x-0  and  x-Ly,,  appli¬ 
cation  of  an  energy  balance  at  x-tf^,  with 
the  fact  that  the  temperature  gradient  at 
the  inner  side  of  the  dark  zone  is  zero, 
and  application  of  an  overall  energy 
balance  (with  no  feedback  from  the  final 
flame)  yields:- 


^  ■  'dz 


t(Tdz-M 
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(1  -  e'"’S'’  fz^*)  (32) 


where  T^j  is  the  dark  zone  temperature,  Q|_ 
is  the  net  surface/subsurface  heat  release, 
and  Tp  IS  the  bulk  propellant  temperature. 

Data  of  Aoki  and  Kubota  (7A)  relating  Tj^ 
to  pressure  (P)  and  heat  of  explosion  (Hg^) 
may  be  expressed  as;- 


dz 


a(P)  ♦  b  Hg^ 


(33) 


Crossflow  may  also  accelerate  double-base 
propellant  burning  rate  by  penetration  of 
crossflow-induced  turbulence  into  the  fizz 
zone,  increasing  heat  feedback  from  the 
fizz  reaction  zone  to  the  surface.- 


SUtSURFACE  REACTIVE  zone.  FIZZ  REACTIOR  TORE.  FIRAl  FIAMC  ZORE. 


Figure  20.  Postulated  Double-Base  Propellant  Flame 
Structure 


where  b  -  0. 425°Kgm/ca  1  and  a  ’  720  -f 
1251n(P)  for  P  <  20  atm  and  a  -  855  + 
801n(P)  for  P  >  20  atm.  An  empirical 
expression  for  based  on  a  modification 
of  Beckstead’s  expression  to  better  allow 
for  observed  burning  rate  trends  at  low 
pressure  was  also  utilized  (P  in  atm): 


0^  (cal/gm)  -  (65.7  +  0.013  H^J  (P/6)®-°® 

(34) 

Finally,  Lf^  was  calculated  as  the  product 
of  average  gas  velocity  across  the  fizz 
zone  and  a  chararteristic  reaction  time:- 


mRK 


"fz 


fzrx'  dz 


(Tj.fTJ  exp  (Ef,/RTj,) 


2P”  (MW)  Tj^ 


(35) 


From  Aoki  and  Kubota  (74)  and  Beckstead 
(73),  Ef^  was  set  equal  to  40000,  and  the 
reaction  order,  v,  was  chosen  to  be 
unity.  The  reaction  rate  constant  Ke,-- 
was  determined  by  fitting  one  data  point 
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from  an  extensive  burninq  rate  versus  pres¬ 
sure  and  heat  of  explosion  data  base 
generated  by  Mil  ler  (75) . 

Substitution  of  Equations  33  and  34  into 
Equations  32  and  35  results  in  three  equa¬ 
tions  (31,  32,  and  35)  in  three  unknovins 
(m,  Lr  ,  and  T  )  ,  vihich  are  simply  solved 
to  give  burning  rate  as  a  function  of  pres¬ 
sure  and  heat  of  explosion  in  the  absence 
of  crossflow. 

The  mechanism  by  which  crossflow  is  assumed 
to  alter  burning  rate  is  by  augmentation  of 
the  thermal  conductivity  from  the  surface 
of  the  propellant  all  the  way  through  the 
final  flame  zone.  The  procedure  used  for 
calculation  of  the  variation  of  this  para¬ 
meter  with  distance  from  the  surface  was 
the  same  as  that  described  earlier  for  the 
"second  generation"  composite  propellant 
erosive  burning  model  of  King.  Details  of 
the  equation  development  and  solution  pro¬ 
cedures  for  both  scenarios  mentioned 
earlier  as  regards  alteration  of  the  fizz 
zone  transport  properties  by  turbulence  are 
presented  in  References  55  and  56.- 

Miller  (75)  has  generated  a  systematic 
database  for  burning  rates  of 
Nitrocellulose  (12.6  N) /Nitroglycerine/ 
Secondary  Plasticizer  formulations  as  a 
function  of  pressure  and  heat  of 
explosion.  One  of  his  data  points 
(P  -  35  atm,  -  950  cal/gm)  was  used  to 
calculate  the  rate  constant 

appearing  in  Equation  35,  after  which  the 
no-crossflow  model  was  used  to  predict  mass 
burning  fluxes  at  other  pressures  and  Hgjj 
values  in  his  database.  Predicted  and 
measured  values  are  presented  in  Figure  21; 
as  may  be  seen,  excellent  agreement  is 
observed  between  the  data  and  predictions. 
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Figure  21 .  Coaparison  of  Predicted  Burning  Ratos 
Using  a  Flaneshoct  Model  with  Data  of 
Miller  (75), 


In  Figure  22,  predictions  made  with  the 
zero-crossflow  version  of  this  model  are 
compared  with  data  obtained  by  Aoki  and 
Kubota  (74)  for  two  formulations  with  much 
higher  NC/NG  ratios  than  those  tested  by 
Miller.  Agreement  between  data  and  predic¬ 
tions  is  again  excellent,  at  least  down  to 
burning  mass  fluxes  of  0.3  gm/cm‘sec,  at 
which  point  predicted  rates  begin  to  exceed 


Figure  22.  Conparison  of  Predicted  Burning  Rates 
Using  a  Flameshcet  Model  dith  Data  of 
Aolii  and  Kubota  (74) 

measured  ones,  probably  due  to  the  fact 
that  condensed-phase  reactions  (less  well 
understood)  begin  to  dominate  at  these  low 
mass  fluxes  and  pressures.. 

The  two  erosive  burning  model  variants 
(with  and  without  turbulence  penetration 
into  the  fizz  zone)  have  been  tested 
against  data  obtained  for  two  NG/NC  propel¬ 
lants  studied  by  Burick  and  Osborn  (76). 
These  formulat’ons,  designated  as  BUU  and 
BOI,  have  heats  of  explosion  of  approxi¬ 
mately  1050  and  920  cal/gm,  respectively. 
Predicted  and  observed  burning  mass  fluxes 
are  presented  in  Figures  23  -  26.  As  may 
be  seen  from  Figure  23,  the  no-crossflow 
predictions  of  burning  rate  versus  pressure 
for  BUU  are  excellent.-  In  addition,  the 
erosive  burning  predictions  made  assuming 
full  turbulence  penetration  through  the 
fizz  zone  are  quite  good,  while  the  rigid 
structure  fizz  zone  model  results  in 
drastic  underprediction  of  crossflow 
effects..  This  is  more  clearly  shown  in 


PRESSURE  (Mhl 

Figi—c  23,  Predicted  and  Observed  Burning  Mass 
Fluxes  For  BUU  Propellant 


4 


i 
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Figure  24.  Predicted  and  Observed  Effects  of 

Crossflow  Velocity  on  Burning  ''ate  of 
BUU  Propellant 


Figure  24,  where  the  burning  mass  flux 
(predicted  and  observed)  is  plotted  against 
crossflow  velocity  at  constant  pressure. 
Effects  of  crossflow  predicted  assuming 
turbulent  boundary  layer  development 
starting  at  the  interface  of  the  unburned 
propellant  and  the  fizz  zone  agree  quite 
well  with  data,  while  the  aUernate  model 
fails  badly.  Similar  results  for  the  BOI 
formulation  appear  in  Figures  25  and  26. 


Figure  25.  Predicted  and  Observed  burning  Mass 
Fluxes  For  BDI  Pronollant 


Figure  26.  Predicted  and  Observed  Effects  of 

Crossflow  Velocity  on  Burning  Rate  of 
BOI  Propellant 


In  conclusion,  a  flame-sheet  model  of  homo¬ 
geneous  double-base  propellant  combustion 
for  prediction  of  burning  rate  as  a 
function  of  pressure  and  heat  of  explosion 
in  the  absence  of  crossflow  has  been 
developed  and  found  to  yield  excellent 
agreement  between  predicted  and  measured 
values.  Two  extensions  of  this  model  to 
treat  crossflow  have  been  developed,  one 
allowing  for  turbulence  effects  in  both  the 
fizz  and  dark  zones,  the  other  allowing 
such  effects  only  in  the  dark  zone.  The 
former  model  variant  yields  predictions  in 
excellent  agreement  with  measured  data  over 
a  wide  range  of  crossflow  velocities. 


5.0  CORRELATIONS  BASED  ON  PREOICTED 
RESULTS  FROM  COMPLEX  MODELS 

The  comparatively  long  computer  run  times 
associated  with  exercise  of  the  more 
comple  models  described  above  generally 
preclude  their  direct  incorporation  in 
solid  rocket  motor  interior  ballistics 
analyses,  where  they  would  have  to  be 
called  on  thousands  of  times  to  calculate 
burning  rates  at  each  spatial  node  at  each 
time  increment  utilized  in  such  analyses. 
Accordingly,  both  Kuo,  et.  al  (77)  and  King 
(78)  have  used  their  models  to  develop 
correlation  procedures  for  much  simpler 
calculations  of  burning  rate  as  a  function 
of  numerous  parameters.  (King's  procedure 
has  been  incorporated  in  a  code  for 
analysis  oi  nozzleless  rocket  motors,  as 
indicated  in  Reference  78.)  These 
correl-tions  are  described  briefly  below. 

The  correlating  expression  developed  by 
Kuo.  et .  al.,  for  erosive  burning  of 
composite  propellants  may  be  expressed  as 
(using  slightly  different  nomencl  at  ure )  :• 

Js-  ■  *  fM,p'R/pG'0> 

(Tpi-^i,r)3  (35) 


where:- 


•"PG  ■ 


1.0  *  0.50  tanh  [0.063  (MP)°-^5 

Rh-i] 

I.O  if  bracketed  term  is  less 


than  0  (36) 

1.0  -  0.019  dP/dX  (37) 

1.0  +  0.1  exp  (-2.80)  (38) 

0.40  [(H-H^^)  P]“-®'' 

- - ■'  '■’th 

(0.0  for  M  .  Mth)  (39) 


(In  this  correlation,  the  four  f's  of 
Equations  36-39  represent  corrections  for 
roughness  height,  pressure  gradient,  port 
diameter,  and  a  combination  of  crossflow 
Mach  Number  and  pressure,  respectively.) 
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[ 

i 


-■b 


P> 


T  ? 
pi 


Burning  rate  at  roughness 
height,  conditioning 
temperature,  pressure,  crossflow 
Mach  Number,  axial  pressure 
gradient,  and  port  diameter  of 
interest 

Zero-crossflow  burning  rate  at 
standard  (baseline)  conditioning 
temperature 

Burning-rate  temperature 
sensitivity  under  crossflow 
conditions 

Strand  burning-rate  temperature 
sensitivity 

Propellant  conditioning 
temperature 

Standard  (baseline)  propellant 
conditioning  temperature 


M  -  Crossflow  Mach  Number 


Mth 


Threshold  crossflow  Mach  Number 


P  -  Pressure 


«h 

dP/dX 


0 

aP" 


Roughness  height 

Pressure  gradient  along  grain 
port 

Port  diameter 

Base  (zero-crossflow)  burning 
rate  at  the  given  pressure 


In  the  development  of  correlations  by  King 
(78)  (using  predictions  of  erosive  burning 
made  with  his  "second  generation"  model) 
effects  of  scaling  (port  diameter)  were 
first  examined.  For  any  given  propellant, 
pressure,  and  crossflow  combination,  it  was 
found  that  the  predicted  burning  rate 
ratio,  r/rg  (burning  rate  with  crossflow 
divided  by  zero-crossflow  rate)  could  be 
related  to  port  diameter  by:- 


'■/''oId  - 


0^0. 


reference 

8  In  (8/0pgfggg„gg) 


(40) 


with  B  correlating  as  a  function  of  the 
reference  r/r^  value  and  an  effective  flame 
temperature.  [For  non-metal ized 
propellants,  this  is  the  actual  flame 
temperature,  while  for  metalfzed 
propellants  feffective  ■  T*  ♦  *8  (weight 
percent  metal),  T*  being  the  flame 
temperature  in  the  absence  of  burning  of 
the  metal.]  In  this  correlation,  the 
reference  diameter  was  arbitrarily  selected 
as  U. 1  tt;  for  this  choice,  the  correlating 
procedure  led  to:- 


B 


«^"^f7;ctive^™ 


(41) 


where;- 

G  -  -0.85  V  0.85  (r/rg)]p  _ 

for  r/r^  S  1.2 


-  -0.0332  ♦  0.  1694  (|■/^g)]p 


for  r/r^  - 


0.1  ft 
(42) 


with  Equation  40  becoming  (0  in  feet):- 
r/ro]p  .  r/ro]p  _  -  B  In  (10  0) 

(43) 

Attention  was  next  turned  to  development  of 
a  correlation  for  r/r^  at  the  0.1  ft  port 
diameter  reference  condition  as  a  function 
of  pressure,  crossflow  velocity,  and 
propellant  parameters.  A  large  number  of 
calculations  were  performed  with  the, full 
model,  covering  a  wide  range  of  pressures, 
crossflow  velocities  and  propellant 
types.  Fortunately,  it  was  found  that  for 
any  given  pressure  and  crossflow  velocity, 
erosive  burning  ratio  could  be  correlated 
almost  perfectly  with  just  two  propellant 
parameters,  base  (zero-crossflow)  burning 
rate  and  effective  flame  temperature  (with 
the  effect  of  the  second  parameter  being 
much  less  than  that  of  tne  first).  Careful 
study  revealed  that  r/r^  could  be  fit  quite 
well  by:- 

'•''■“Id  -  0.1  ft  -  ''i^''o  ^ 


where  Aj  is  a  function  of  crossflow 
velocity  and  effective  flame  temperature 
and  Aj  IS  a  function  of  these  two 
parameters  and  velocity.  Closed-form 
coirelations  of  Aj  and  Aj  as  functions  of  P 
(in  atmospheres)  and  V  (in  feet/second) 
were  developed  for  several  flame 
temperatures,  where  the  constants  in  these 
expressions,  kj  -  kg  are  functions  of  flame 
temperature  (as  tabulated  in  Table  V). 


K4  [kg  ♦  kglnV] 
Aj  -  kj  V  ^  P  “  “ 


A,  -  1  -  k,V 


(45) 

(46) 


(It  should  be  noted  that  these  expressions 
were  inadvertantly  reversed  and  the 
bracketed  term  was  incorrectly  not  written 
as  a  superscript  to  P  in  Reference  78;  the 
corrections  were  later  noted  in  an  Erratum 
in  22,  pp  394-5,  1985.) 


T^ible  V.  Values  of  k,|-kg  (Eqns  45  i  46)  At 
Various  Temperatures 


^2 

1667 

86  3 

0  929 

2017 

10  93 

0  577 

2534 

7  0? 

0 

2974 

0  805 

0,139 

nriiK) 

l^'range 

*1 

k, 

^6 

1667 

>2000 

0  00255 

0.457 

0913 

-0  0217 

<2000 

0.25S 

-0.151 

-0  0894 

10.1103 

2017 

>1500 

0.100 

0.040 

0.0124 

0.0873 

<1500 

0  363 

-0.136 

-0  267 

0.1255 

2534 

All 

0.0973 

0.100 

-0091 

0.089 

2974 

>700 

0.0131 

0.378 

0  345 

0  0287 

<700 

t.I22 

-0.30 

-0.622 

0.176 

>  1.2 
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With  Equations  41-46,  the  following 
procedure  is  used  to  calculate  burning  rate 
ratio  (and  thus  total  burning  rate)  for 
specified  pressure,  crossflow  velocity, 
channel  (port)  diameter,  and  propellant. 
First,  logarithmic  interpolation  of  a  base 
(zero-crossflow)  burning  rate  versus 
pressure  table  is  used  to  obtain  the  base 
burning  rate,  r^.  Next,  Aj  and  A,  are 
evaluated  for  tabular  values  of  flame 
temperature  bracketing  the  actual  value 
using  Equations  45  and  46,  and  the  r/r. 
values  for  a  port  diameter  of  0.1  ft  are 
calculated  for  these  bracketing  values 
using  Equation  44.  Linear  interpolation  is 
finally  used  to  obtain  the  reference 
diameter  r/r^  value  at  the  actual 
temperature  and  Equations  41-43  are  then 
used  to  correct  to  the  actual  port 
diameter.  If  this  procedure  leads  to  a 
calculated  r/r.  value  of  less  than  unity. 

It  Is  assumed  that  this  represents  being  in 
a  bo undary- 1 ayer  blowoff  regime,  and  the 
r/rjj  value  is  defaulted  to  unity. 

6.0  SCALING 

The  detailed  models  of  King  and  Kuo,  et. 
al.  (and  the  correlations  based  on  them) 
discussed  earlier  include  capability  for 
prediction  of  effects  of  motor  scale  on 
erosive  burning.  Both  of  the  correlation 
procedures  discussed  in  the  previous 
section  can  readily  be  shown  to  predict  a 
decrease  in  erosive  effects  with  increasing 
port  diameter,  in  addition,  the  "second- 
generation”  model  of  King  and  the  corre¬ 
lation  procedure  based  on  it  show  an 
increase  in  threshold  velocity  (minimum 
crossflow  velocity  below  which  erosive 
burning  effects  are  not  predicted)  with 
increased  port  diameter  as  demonstrated  in 
calculation  results  presented  in 
Reference  32.  Both  of  these  predicted 
trends  are  in  at  least  qualitative  agree¬ 
ment  with  observations  from  motor  scaleup 
studies . 

In  Reference  10,  Beddini  presents  an 
approximate  analysis  for  scaling  erosive 
burning  threshold  conditions  as  a  function 
of  the  base  (zero-crossflow)  burning  rate 
and  motor  size.  One  goal  of  this  analysis 
which  was  met  was  prediction  of  the 
observed  fact  that  the  threshold  value  of 
crossflow  mass  flux  increases  with 
increased  propellant  burning  rate  and 
increased  motor  size  (port  diameter).  In 
this  study.  It  was  concluded  that  the 
threshold  conditions  for  erosive  burning 
are  related  to  a  critical  value  of  the 
blowing  parameter,  b  (defined  by 
Equation  26);  for  values  of  this  parameter 
above  the  critical  value,  the  mainstream 
turbulence  does  not  penetrate  (subside) 
into  the  near-surface  flame  regions.  (As 
noted  earlier.  King  refers  to  this  condi¬ 
tion  of  b  >  bj.,.jMcai  as  representing  boun¬ 
dary  layer  blowoff  and  also  cnnrlijdes  that 
erosive  burning  effects  are  negligible  in 
this  case;  thus  the  King  “second 
generation"  model  yields  scaling  predic¬ 
tions  consistent  with  those  of  Beddini.) 
Details  of  Beddini's  application  of  this 
criterion  to  determination  of  threshold 
crossflow  velocity  for  erosive  burning  are 
presented  in  Reference  10.  His  final 
scaling  relationship  indicates  that  the 
value  of  the  crossflow  Reynolds'  Number  at 
the  threshold  point  scales  mainly  with  the 
s ur f ace- transpi rat i on  Reynolds'  Number  to 
the  1.25  power;  this  in  turn  corresponds  to 


the  critial  crossflow  mass  flux  being 
approximately  proportional  to  port  diameter 
to  the  0.25  power  and  to  burning  rate  to 
the  1.25  power.  Accordingly,  this  rela¬ 
tionship  predicts  the  absence  of  erosive 
burning  for  very  large  motors  (such  as 
space  booster  solid  motors)  as  observed. 

(As  pointed  out  by  Beddini,  none  of  the 
large  (120-,  156-,  260-inch  motors)  fired 
up  to  the  time  of  his  publication  had 
exhibited  any  erosive  burning,  consistent 
with  his  predictions.)  In  addition,  the 
relationship  developed  by  Beddini  indicates 
strongly  Increasing  values  of  threshold 
crossflow  mass  flux  with  increased  zero- 
crossflow  propellant  burning  rate,  as 
predicted  and  observed  in  the  studies  by 
King  discussed  in  Section  4  2.2. 

Recently,  Strand  and  Cohen  (22)  have  been 
conducting  a  series  of  tests  with  long 
segmented  motors  to  measure  the  transition 
length  threshold  conditions  (axial  location 
at  which  deviation  from  non-erosive  burning 
begins)  while  systematically  varying  para¬ 
meters  considered  to  influence  the  erosive 
burning  phenomenon.  From  these  experi¬ 
mental  studies,  they  have  concluded  that 
the  threshold  conditions  can  be  correlated 
in  terms  of  critical  crossflow  Reynolds' 
Number,  surface  transpiration  Reynolds' 
Number  and  motor  local  1 ength-to-radi us  (or 
diameter)  ratio  by  a  linear  expression;. 

Re^  .  K  (L/R)  Rej  (47) 

where  Re^  is  the  critical  crossflow 
Reynolds'  Number,. 


.  '^9  (48, 

and  ROj  IS  a  reduced  surface  transpiration 
(burning  rate)  Reynolds'  Number;. 


Re. 


Ps  "  ^ort 


(49) 


(with  r  being  the  propellant  burning 
rate).  This  differs  from  the  Beddini  cor¬ 
relation  as  regards  the  exponent  on  the 
transpiration  Reynolds'  Number  (1.0  versus 
1.25)  and,  more  importantly,  inclusion  of 
the  1 engt h/rad 1  us  ratio  term.  As  a  result, 
in  this  correlation,  the  critical  crossflow 
mass  flux  for  onset  of  erosive  burning  is 
directly  proportional  to  propellant  burning 
rate  and  to  the  local  length  to  diameter 
ratio  -  thus  the  L/R  ratio  rather  than  the 
port  radius  itself  is  the  critical  geome¬ 
trical  scaling  parameter  and  large  motor 
diameter  alone  will  not  serve  to  avoid  the 
erosive  burning  regime.  The  authors  claim 
that  this  conclusion  is  corroborated  bv  the 
fact  that  erosive  burning  does  Indeed  occur 
in  the  early  phases  of  operation  of  the 
very  large  space  shuttle  SRH. 

Accordingly,  it  appears  that  at  this  time 
there  is  some  controversy  as  regards  motor 
scale  effects  on  threshold  crossflow  mass 
flux  required  for  onset  of  erosive  burning, 
with  Beddini  claming  that  port  diameter  is 
the  critical  scaling  parameter,  while 
Strand  and  Cohen  claim  that  length-to- 
diameter  ratio  is  the  critical  scaling 
parameter;  the  first  scenario  leads  to  the 
conclusion  that  large  diameter  motors  are 
not  susceptible  to  erosive  burning,  while 
the  latter  scenario  contradicts  this 
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conclusion.  Further  study  to  resolve  this 
conflict  IS  of  considerable  Importance  as 
regards  scaling  of  erosive  burning  data 
from  small  (relatively  inexpensive)  motor 
tests  to  large  motors. 
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SUMMARY 


Metallic  wires  have  been  employed  In 
numerous  end-burning  solid  propellant  rocket 
motors  over  the  last  thirty  years  to  provide 
desired  burning  rate  amplifications  needed 
for  certain  applications.  These  wires 
provide  such  amplification  by  serving  as  a 
thermal  “short-circuit"  between  the  hot 
final  products  of  the  propellant  combustion 
and  the  unburned  solid  material,  with 
resultant  development  of  cones  penetrating 
Into  the  propellant  adjacent  to  the  wires 
(creating  an  increase  In  burning  surface 
area)  which  lead  the  propellant  regression* 

A  brief  review  of  models  developed  by  others 
and  of  a  systematic  data  base  as  regards 
burning  of  wired  strands  is  presented*  The 
major  emphasis  o  this  lecture,  however,  is 
modeling  activity  carried  out  by  the  author 
during  the  last  two  years.  First,  a  model 
of  the  processes  by  which  wires  amplify  the 
burning  of  strands  (at  fixed  pressure)  was 
developed  and  applied  to  analysis  of  the 
systematic  data  base  referred  to  above,  with 
excellent  agreement  being  found  between 
predicted  and  measured  effects  of  wire  type, 
wire  diameter,  and  pressure  on  quasl-steady- 
state  burning  rates*  This  model  is  also 
capable  of  creating  unsteady-state  phenomena 
and  the  effects  of  local  (sporadic)  gaps 
between  wire  and  propellant,  caused  by 
partial  wire  unbonds  from  the  surrounding 
propellant  (possibly  resulting  from  extreme 
temperature  cycling).  Accordingly,  the 
strand  model  was  subsequently  coupled  wih  a 
chamber  ballistic  analysis  and  a  geometrical 
analysis  as  regards  cone  shape  evolution  to 
permit  prediction  of  pressure-t ime  histories 
In  wired  motors  with  various  dsCrlbutlons 
along  the  wire  of  gaps  between  the  wire  and 
Che  propellant . 


wire 

‘'298 

^matrix 

^wlre 


gas 

auto 


prop 


prop, interface 


«wire 


bulk 


prop , Interface 
wire 


surface 


LIST  OF  SYMBOLS 


$  , Total 


;^p  ,wire 
"'p ,  prod 


.wire 


total  propellant  surface 
area  (rone  plus  flat) 
throat  area 

propellant  product  dis¬ 
charge  coefficient 
wire  specific  heat 
propellant  product 
specific  heat 
wire  diameter 
heat  transfer  coefficient 
between  wire  and  propel- 
1  ant 

thermal  conductivity  of 
propellant 

product  molecular  weight 
mass  generation  rate  of 
propellant  products 
mass  flow  rate  out  of 
motor 

motor  pressure  [f(t)] 
universal  gas  law  constant 
heat  flux  Into  wire  from 
gas  or  propellant  (f(t,z)l 
radius  ( Fig*  1 ) 


♦^gas 

^gas 

^prop 


wire  radius 
burning  rate 
burning  rate  at  298K 

matrix  (unwlred 
propellant)  burning  rate 
burning  rate  of  propellant 
along  wire 
C  ime 

temperature 

product  gas  temperature 
propellant  aiitolgnltlon 
temperature 
local  temperature  in 
propellant  [f(t,z,r)] 
propellant  temperature  at 
wire  Interface  [f(t,z)] 
wire  temperature  (f(t,z)l 
propellant  bulk  (con¬ 
ditioning)  temperature 
temperature  relative  Co 
propellant  conditioning 
temperature  (’^“^bulk^ 

vifoHliy^oF^product^gases 
Immediately  adjacent  to 
wire 

average  axial  velocity  of 

gases  in  cone 

free  volume  of  motor 

chamber  ( f ( t) ) 

velocity  of  gases  leaving 

propellant  surface  (normal 

to  surface) 

axial  direction  (Fig.  1) 
propellant  thermal  dlf- 
f usivlty 

constant  in  Eqn.  10 
penetration  thickness  of 
thermal  wave  associated 
with  heat  transfer  from 
wire  lf( t  ,z)  1 
jth  time  Increment 
non-dimensional  thermal 
penetration  thickness 
1  f ( t  ,z)  j 

cone  angle  (Fig.  1 ) 
viscosity  of  product  gases 
gas  density 
propellant  density 
wire  density 

temperature  sensitivity  of 
matrix  propellant  burning 
rate 


1.  BACKGROUND 

solid  propellants  are  generally  burned 
In  rocket  motors  in  one  of  two  basic  con¬ 
figurations,  either  in  the  form  of  an  end- 
burning  grain  or  as  a  centrally  perforated 
grain*  In  the  end-burner  (cigarette-burner) 
mode,  a  solid  cylinder  of  propellant  is 
Ignited  on  one  end  face  and  burns  back  along 
the  cylinder  parallel  to  the  centerline*  In 
the  centrally-perforated  node,  the  propel¬ 
lant  cylinder  contains  a  port  along  the 
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centerline  (which  nay  be  a  sinple  circular 
port  or  may  have  a  much  more  complex  shape 
such  as  a  star  or  a  wagon  wheel)  with  burn' 
ing  being  initiated  on  the  Inside  of  this 
port,  followed  by  burnback  through  the 
cylinder  radially  to  the  motor  wall.  As 
might  be  expected,  for  typical  tactical 
motor  length/diameter  ratios,  the  end¬ 
burning  configuration  tends  to  lead  to 
relatively  high  action  times,  while  the 
centrally-perforated  configurations  yield 
much  shorter  times.  Due  to  limited  vari¬ 
ability  of  propellant  burn  rate  via  formu¬ 
lation  adjustment  (particularly  in  the 
presence  of  other  design  constraints)  the 
motor  designer  sometimes  finds  himself  in  a 
situation  where  the  action  times  achievable 
with  an  end-burner  are  unacceptably  long, 
while  those  achievable  with  a  centrally- 
perforated  grain  are  unacceptably  short 
(within  given  constraints  on  motor  geometry) 
for  his  mission.  (In  addition,  end-burning 
configurations  lead  to  higher  mass  frac¬ 
tions,  often  of  considerable  Importance,  a 
factor  driving  the  designer  to  prefer  their 
use.)  One  way  around  Che  problem  of  exces¬ 
sively  long  action  times  for  endburners  is 
to  embed  metallic  wires  in  the  propellant, 
parallel  to  the  motor  centerline,  to 
increase  effective  burning  rate. 

These  embedded  metallic  wires  lead  to 
amplification  of  the  mass  burning  rate  by 
providing  augmented  heat  feedback  from  the 
product  gases  to  the  propellant  immediately 
adjacent  to  Che  wires,<  thus  resulting  In 
local  burn  rate  increases  in  the  direction 
along  Che  wire  with  consequent  formation  of 
cones  in  the  propellant  with  half-angles 
equal  to  the  arcsine  of  the  base  propellant 
burn  rate  divided  by  burn  rate  along  the 
wires.  The  propellant  not  immediately 
adjacent  to  Che  wire  of  course  burns  at  its 
normal  rate  perpendicular  to  the  cone  sur¬ 
face,  but  because  of  the  increased  surface 
area  associated  with  the  cone,  the  mass 
generation  rate  and  "effective"  burn  rate 
are  Increased.  (See  Figure  1.)  An  offshoot 
of  this  approach  to  burn  rate  enhancement  is 
the  use  of  chopped  metallic  fibers  (oriented 
or  unoriented)  in  formulations.  (In  the 
orlented-f Iber  approach,  advanced  casting 
technology  is  applied  to  cause  the  fibers  to 
orient  themselves  preferentially  parallel  to 
the  direction  of  burning.) 


Figwa  t  Schsmaiic  ol  Wired  Propeuam  ComOusiJon 


Over  Che  past  thirty  years,  Atlantic 
Research  Corporation  has  applied  the 
approach  of  embedding  metallic  wlies  in 
end-burning  propellant  grains  to  enhance 
burning  rates  to  a  number  of  tactical  solid 
rocket  motors,  the  most  notable  of  these 
being  the  Stinger  Missile  and  its  predeces¬ 
sor,  the  Redeye  Missile,  both  shoulder-fired 
surface-to-air  weapons.  Additional  applica¬ 
tions  include  the  MK30  (Terrier)  Missile, 
the  AGH-130,  and  the  Tiger  11. 

Rumbel  and  coworkers  at  Atlantic 
ResearchO"^)  pioneered  the  use  of  embedded 
metallic  wires  to  enhance  solid  propellant 
burning  rates  in  the  mld-19508,  first 
applying  this  technology  to  extrudable  poly- 
vinyl-chloride-  based  composite  propellants 
(designated  ArclCes).  In  the  course  of 
these  early  studies,  these  investigators 
developed  an  extensive  data  base  for  two 
formulations,  Arcite  153  and  322  (similar 
formulations  differing  only  in  ammonium 
perchlorate  particle  size  and  thus  matrix 
burn  rate  versus  pressure  characteristics), 
utilizing  wired  strands  of  propellant  burned 
in  a  pressurized  bomb.  This  data  base 
encompassed  a  wide  range  of  pressures,  wire 
diameters,  and  wire  materials  (silver, 
aluminum,  copper,  tungsten,  platinum,  molyb¬ 
denum).  It  was  found  that  the  burning  rate 
enhancement  was  for  the  most  part  propor¬ 
tional  to  Che  wire  thermal  dlffusivity,  with 
wire  melting  temperature  having  a  secondary 
Influence  (higher  melting  point  leading  Co 
higher  rate).  For  very  small  diameter 
wires,  burn  race  enhancement  was  found  Co 
increase  with  increasing  wire  diameter,  up 
to  a  diameter  of  about  S  mils  (.012/  cm), 
with  subsequent  decrease  in  enhancement  for 
further  increases  in  wire  diameter. 

Subsequently,  considerable  additional 
(though  not  nearly  as  systematic)  data  on 
Che  effects  of  wires  on  burning  rates  of 
other  composite  propellants,  notably  poly- 
butadlene-based  systems,  have  been  amassed 
at  Atlantic  Research.  In  general,  however, 
these  studies  have  been  limited  to  one  type 
of  wire  and  one  (or  at  most,  two)  sizes, 
with  minor  formulation  adjustments  being 
made  in  search  of  a  specific  wired  rate  for 
a  specific  application.  In  1982,  Kubota  and 
coworkersC^)  published  a  paper  summarizing 
an  experimental  study  of  effects  of  embedded 
metal  wires  on  the  burning  of  a  series  of 
double-base  propellants;  v.ire  materials  used 
in  this  study  included  silver,  tungsten,  and 
nickel,  with  silver  being  studied  most 
extensively.  (Thli  paoer  did  not  include 
enough  information  regarding  the  propellant 
characteristics  to  permit  comparison  of  data 
with  predictions  by  this  lecturer's  model, 
described  In  detail  below.)  The  wire  si^^es 
utilized  were  all  veil  in  excess  of  3-mll 
diameter;'  augmentation  ratios  were  found  to 
decrease  with  increasing  wire  diameter, 
consistent  with  the  results  of  Rumbel,'  et  al 
in  this  regime.  In  addition,  augmentation 
ratio  was  seen  to  increase  with  increasing 
wire  thermal  dlffusivity,  again  consisteut 
with  previous  observations. 

Hsing,  Wa ,  and  Kuo^^\  in  1990, 
published  results  of  a  limited  study  of  the 
effects  of  silver  and  copper  wires  on 
end-burning  HTPB  composite  propellant  grains 
in  8  motor,  using  an  X-ray  Imaging  system  to 
track  the  development  of  cones  around  the 
wires.  In  their  studies  they  found  somewhat 
larger  wire  diameters  for  maximization  of 


burn  rate  augmentation,  approximately  0*6  mm 
(25  mils)  compared  to  the  5  mil  optimum 
observed  In  the  extensive  studies  of  Rumbel) 
et  al»  As  part  of  their  work,  Hsing  and 
coworkers  developed  an  empirical  expression 
relating  the  burning  rate  augmentalon  to  the 
wire  thermal  dlffubl\ity,  wire  sixe,  base 
(unwlred)  rate,  and  effective  spacing 
between  wires  (effective  diameter  influenced 
by  a  single  wire). 

As  part  of  the  early  studies  by  Rumbel 
and  coworkers,  ^2,3)  ^  simplified  heuristic 

model  was  developed  to  qualitatively  explain 
the  observed  trends  regarding  effects  of 
wire  diameter  and  type  on  burning  rate 
enhancement.  This  description  did  qualita^ 
clvely  describe  the  observations,  but 
required  artificial  adjustments  of  para¬ 
meters  not  calculated  from  first  principles 
to  actually  fit  the  data.  In  addition,  this 
model  was  strictly  a  steady-state  one, 
incapable  of  treating  transient  effects, 
such  as  startup  or  encountering  of  contact 
resistances  associated  with  local  wire 
unbonds  from  the  surrounding  propellant. 

In  1967,  Caveny  and  Gllck^^^  published 
a  paper  describing  the  effects  of  embedded 
metal  fibers  (actually  fiat  ribbons  with  a 
high  ratio  of  one  surface  dimensicn  to  the 
other,  leading  to  treatment  of  conduction  of 
heat  from  the  wire  Into  the  propellant  as  a 
one-dlmenslonal  process  at  each  axial  loca¬ 
tion  along  the  wire)  or  the  burning  rate  of 
solid  propellants.  In  this  analysis,  they 
assumed  that  the  burn  rate  along  the  wire  is 
simply  the  rate  at  which  the  point  along  the 
wire  at  which  the  temperature  is  equal  to 
some  arbitrarily  assigned  “ignition  tempera¬ 
ture**  propagates  along  the  wire.  (This  is 
not  to  imply  Chat  Che  analysis  is  slmple'-lt 
is  not.)  In  addition,  no  consideration  was 
given  to  the  possibility  of  a  "co-tact 
resistance"  between  the  wire  and  the  propel¬ 
lant,  a  likely  result  of  wlre/propellant 
unbonds  which  may  well  occur,  for  example,^ 
as  a  result  of  temperature  cycling.  This 
model  is  capable  of  treating  transient 
effects,  being  mainly  aimed  at  analysis  of 
the  effects  of  short  chopped  metallic  fibers 
on  burning  rate. 

Rybanin  and  Steslk^^^  also  analyzed  the 
effects  of  flat  heat-conducting  elements  on 
combustion  of  solid  propellants,  using  an 
asymptotic  solution  approach;  their  analysis 
Is  limited  to  steady-state  behavior.  More 
recently,  Gossant  and  coworkers developed 
a  simplified  analysis  of  the  effects  of 
circular  metal  wires  on  propellant  burning 
rate.  Unfortunately,  this  model  encompasses 
several  simplifications  which  are  strongly 
at  odds  with  experimental  observations,  the 
most  notable  of  which  are  an  assumption  that 
the  wire  does  not  project  above  the  propel¬ 
lant  surface  into  the  gas  and  a  second 
assumption  that  the  temperature  of  the  wire 
at  the  propellant  surface  is  the  melting 
temperature  of  the  wire.  With  respect  to 
the  first  assumption,  movies  of  the  burning 
of  wired  strands  have  shown  that  there  is 
significant  protrusion  of  the  wires  above 
the  propellant  surface;  Che  second  assump¬ 
tion  comes  to  grief  as  regards  the  use  of 
wires  with  high  melting  temperatures  (e.g., 
tungsten)  which  would  result  in  absurdly 
high  propellant  temperatures  near  the  pro- 
pellant-wlre-surf ace  Interface. 


2,  OUTLINE  OF  INTEGRATED  STUDIES  BY  THIS 

LECTURER 

In  the  course  of  this  lecturer's 
studies  of  the  effects  of  wires  on  solid 
propellant  burning  rate,  a  model  of  the 
effects  of  wires  on  burning  of  strands  with 
wires  embedded  along  their  centerlines  was 
first  developed. This  model  was  then 
checked/calibrated  against  the  previously 
mentioned  extensive  data  base  of  Rumbel, 
et  al»  Finally,  the  model  was  extended  to 
treatment  of  motor  ballistics  in  the 
presence  of  wires,  with  particular  attention 
being  paid  to  the  possible  effects  of  local 
gaps  (along  the  length  of  the  wire)  between 
the  the  surrounding  propel- 

3.  WIRED  STRAND  MODEL  DEVELOPMENT 

In  this  analysis,  circular  cross- 
section  wires  were  treated  since  these  are 
by  far  the  most  commonly  used  in  practice. 

A  transient  analysis,  with  an  Initially  flat 
surface  (6  «  90  degrees  in  Fig.  1)  and  an 
arbitrarily  specified  initial  projection 
distance  of  the  wire  above  the  propellant 
surface  was  developed,  utilizing  the 
following  general  strategy. 

Fi.rst,  the  known  product  gas  tem¬ 
perature  and  the  inlLial  temperature 
distribution  in  the  wire  (to  date,  the 
analysis  is  performed  assuming  the  initial 
temperature  throughout  the  wire  to  be  equal 
to  the  propellant  conditioning  temperature) 
are  used  with  a  gas-phase  heat  transfer 
analysis  (described  later)  to  calculate  the 
heat  flux  into  the  wire  at  each  axial  loca' 
tion  along  the  part  of  the  wire  extending 
into  the  gas.  This  flux  distribution  is 
assumed  to  remain  constant  through  one  time 
step,  which  is  calculated  as  the  quotient  of 
the  user-input  axial  node  spacing  divided  by 
the  current  burn  rate  along  the  wire  (equal 
to  the  matrix  rate  for  the  first  time  step). 

A  transient  analysis  of  the  heat  trans¬ 
fer  along  the  wire  and  into  the  propellant 
(again  described  later)  is  then  carried  out 
for  this  first  time  step,  yielding  a  result¬ 
ant  axial  and  radial  distribution  of  temper¬ 
ature  in  the  propellant  at  the  end  of  the 
time  step.  The  first  axial  increment  of  the 
propellant  (increment  closest  to  the  sur¬ 
face)  is  dropped  at  this  point,  and  the 
radial  temperature  di s t r ibut lon/at  the  next 
node  Is  used  to  calculate  a  mean  temperature 
at  the  "new  surface"  across  a  radial  thick¬ 
ness  equal  to  three  characteristic  matrix 
thermal  profile  thicknesses  (3  times  propel" 
lant  dlffuslvlty  divided  by  matrix  burn 
rate).  This  mean  temperature  is  then  used 
with  an  expression  relating  burn  rate  to 
temperature  (based  on  the  matrix  burn  rate 
temperature  sensitivity  and  autoignition 
temperature  as  described  later)  to  calculate 
a  new  regression  rate  value  along  the  wire. 
This  rate  is  then  used  in  combination  with 
the  matrix  rate  to  calculate  a  new  cone 
angle  (9  *  arcsine  (Matrix  Rate/Wire  Rate)). 
The  distribution  of  heat  flux  into  the  wire 
for  the  next  time  step  is  Chen  calculated 
using  the  new  temperature  distribution  in 
the  exposed  part  of  the  wire  and  the  new 
cone  angle,  a  new  time  step  is  calculated  as 
the  quotient  of  the  axial  node  spacing  and 
the  new  burning  rate  along  Che  wire,  and  the 


transient  heat  transfer  analysis  In  the  wire 
and  propellant  is  restarted  and  run  for  this 
new  time  increment*  A  new  surface  tempera¬ 
ture  radial  distribution  is  thus  defined  as 
that  at  the  next  axial  node  at  the  end  of 
this  time  Increment,  a  new  mean  surface 
temperature  and  burning  rate  along  the  wire 
are  calculated,  and  the  next  calculation 
loop  is  started*  For  calculation  of  a 
steady-state  wired  rate  in  strands,  the 
analysis  is  repeated  until  an  asymptotic 
limit  rate  is  reached* 


(7)  All  wire  nodes  which  reach  the 
melting  temperature  of  the  material 
are  assumed  to  disappear  (break 
off)  . 

(8)  It  is  assumed  chat  a  unique 
relationship  exists  between  the 
burn  rate  along  the  wire  and  a  mean 
temperature  (calculated  over  three 
matrix  thermal  profile  thicknesses 
around  the  wire)  for  any  given 
formulation. 


3.1  MAJOR  ASSUMPTIONS/ArPROXIMATIONS 

At  any  given  time  step  through  Che 
analysis,  the  geometry  In  the  vicinity  of 
‘.he  wire  will  have  the  generic  shape  of  Fig. 
1  (with,  as  mentioned,  time  zero  represent¬ 
ing  a  limiting  case  where  6  •  90  degrees  and 
Che  cone  walls  are  horizontal).  This  figure 
is  Instructive  In  listing  the  major  assump¬ 
tions/approximations  associated  with  the 
analysis : 

(1)  Heat  conduction  in  the  propellant 
parallel  t**  the  wire  (axial  conduc¬ 
tion)  is  negviected* 

(2)  The  wire  itself  is  assumed  to  be 
thermally  thin  (no  radial  tempera¬ 
ture  gradients  in  the  wire). 


The  last  assumption  requires  further  discus¬ 
sion*  It  is  considered  that  the  heating  of 
Che  propellant  aJJaccnc  to  the  wire  Is 
equivalent  to  local  raising  of  the  condi¬ 
tioning  temperaturp  of  the  propellant. 

Thus,  for  moderate  values  of  "superheat , ”  it 
is  assumed  that  the  matrix  propellant  burn 
rate  temperature  sensitivity  (a  )  can  be 
used  to  calculate  the  augmented^rate *  How¬ 
ever,  available  temperature  sensitivity  data 
in  general  are  only  good  up  to  about  50 
degrees  (Kelvin)  of  superheat.  Accordingly, 
it  was  decided  to  use  the  autoignition 
temperature  of  the  propellant  as  an  addi¬ 
tional  data  point,  with  burn  rate  set  equal 
to  infinity  at  this  temperature.  It  is 
assumed  that  the  relationship  between  burn¬ 
ing  rate  and  "effective  conditioning  temper¬ 
ature"  can  be  expressed  in  the  form: 


(3)  Gas-phase  reaction  con*  buClons  to 

Che  heat  balance  In  the  uear-wlre  -7- 
region  are  neglected.  ^b 


kj  +  T  +  k3  T" 


(1) 


(4)  Radiative  heat  transport  between 
Che  wire  and  surrounding  flow  If 
neglected*  (Note  that  this  is  not 
Che  same  as  neglecting  radiative 
h^at  feedback  to  Che  propellant 
surface  in  regions  not  directly 
affected  by  the  wit?  -  any  contri¬ 
bution  in  chjkS  area  is  lumped  into 
the  empirically  input  matrix  burn¬ 
ing  rate  versus  pressure  character¬ 
istics.)  An  order-of-magnicude 
analysis  Indicates  that  for  a  typi¬ 
cal  wire  lameter  of  3  mils  (0.0125 
cm)  with  a  mass  flux  along  the  wire 
of  approximately  5  gm/cm^/sec,  the 
conductive/convecCive  heat  •ransfer 
coefficient  between  the  wire  and 
surrounding  flow  will  be  about  0.1 
cal/cm  /scc/K,  which  with  a  typical 
temperature  difference  of  approxi¬ 
mately  2000K  leads  to  a  heat  flux 
into  t^e  wire  of  about  200 
cal/cm  /sec.  With  an  emissiviiy- 
absorpcivlty  product  of  unity, 
radiative  transport,  for  a  gas 
temperature  of  2500K,  will  lead  to 
a  flux  of  about  50  cal / cu^/ sec  , 
only  one-fourth  of  the  condjctlve/ 
convective  flux.  Horeoever,  for 
more  realistic  values  of  “.he  tIs- 
s Iv" ty-absorpt Ivi ty  product  o  I 
or  le8s'^2,13)  fpypn  for  higwi. 
roefalized  propellants,  which  are 
not  being  treated  In  Lhls  study  Co 
date)  radiative  transport  contribu¬ 
tions  will  be  less  than  3  percent 
of  the  conductive/convective  con- 
tribut  iotib . 

(^>  AM  propellant  thermal  properties 
are  constant  (temperature  Indepen¬ 
dent)  and  isotro;*lc. 

(6)  Alt  wire  thermal  properties  are 

con.uant  (temperature  independent)* 

V 


with  the  burn  rate  at  298K,  the  tenperature 
sensitivity  o- er  a  SD'K  range,  and  the  auto- 
Ignltion  temperature  being  used  to  calculate 
k|,  kj  and  kj  tor  a  given  formulation  from: 


-  k  +  298  k,  +  (298)^  k, 
rj98  1  2  3 

~r|,3  explSOlf  )  *  '‘l  ^  ^48  k^  +  (348)^  kj 


''i  *  ^uto  "2  *  (^uto>  ■'3 


(2s) 

(2b) 

(2c) 


Next,  one  is  faceu  with  the  question  of 
defining  an  approoriatc  temperature  for  use 
in  Eqn*  1  for  calculatir^  the  burning  rate 
along  the  wire*  One  might  consider  using 
the  surface  temperature  at  the  wlre-propcl- 
lant  Interface,  but  It  seems  apparent  that 
this  is  not  really  appropriate  since  it 
represents  the  temperature  of  only  an 
infinitesimal  amoun-  of  propellant.  (In 
adoition,  ‘  can  be  shown  that  use  of  such  a 
temperature  will  result  in  the  predicted 
rate  rising  monotonicallj  with  decreasing 
wire  diameter  all  the  way  to  a  wire  diameter 
of  zero,  a  result  !n  conflict  with  observa¬ 
tion  (and  with  common  sense)*)  It  appears 
logical  that  a  mean  temperature  over  a 
thickness  of  propellant  proportional  to  the 
characteristic  matrix  thermal  profile  thick¬ 
ness  is  more  appropriate  -  a  thickness  equal 
to  three  times  the  propellant  diffuslvity 
divided  by  the  matri  rate  (equivalent  to  95 
percent  of  the  total  matrix  thermal  profile) 
was  chosen  as  appropriate  for  the  averaging 
process,^  giving: 
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+  3<x  .  /r' 


(3) 


3.2  ANALYSIS  OF  HEAT  TRANSFER  INTO  HIRE 


An  approximate  analysis  of  the  gas  flow 
field  in  the  cone  surrounding  the  wire  (Fig. 
1)  Indicates  that  the  velocity  component 
parallel  to  the  wire  Immediately  adjacent  to 
it  is  proportional  to  the  bulk  (average) 
axial  velocity  In  the  cone,  with  the  pro¬ 
portionality  constant  depending  on  the  cone 
angle,  varying  from  unity  for  a  flat  surface 
(9  «  90  degrees)  to  approximately  2.0  for 
cone  angles  less  than  or  equal  to  45 
degrees*.  Xn  addition,  the  average  axial 
velocity  in  the  cone  Is  related  to  the  gas 
velocity  leaving  the  cone  surfaces  by: 


u 


V 


surface 

slnO 


(4) 


With  substitution  of  sin9  *  r*  .  /r’, 

matrix  wire 

and  P  11.  r*..!**^  V  .  ,t 

propellant  matrix  gas  surface* 

velocity  adjacent  to  the  wire  can  thus  be 
expressed  as: 


wire 


K  V  f ' 

surface  wire 

^^rnatrlx 


propellant  , 

O  'wire 
^gas 


where  K  is  a  function  ot  the  cone  angle 
ranging  from  1.0  to  2.0.  (An  empirical  fit 
to  the  results  of  the  flow  analysis  Is 
utilized  for  calculation  of  K  for  any  given 
cone  angle.) 


3.3  TRANSIENT  THERMAL  ANALYSIS  OF  WIRE  AND 

PROPELLANT 

Rigorous  analysis  of  the  transient  heat 
transfer  in  the  propellant  and  wire  would  be 
extremely  difficult,  even  with  the  simplify¬ 
ing  assumptions  listed  earlier,  involving 
simultaneous  treatment  of  axial  derivative 
terms  In  the  wire,  radial  derivative  terms 
In  the  propellant,  and  time  derivatives  in 
both  media*  Accordingly,  following  the  lead 
of  Caveny^^^ ,  the  author  employed  an  integ- 
ral  method  based  on  the  work  of  Goodman^^^^ 
and  Lardner  and  Pohle^^^^  to  reduce  the 
order  of  the  problem  by  replacing  the  dif¬ 
ferential  equations  describing  the  radial 
heat  transfer  in  the  propellant  with 
integral  equations  based  on  assumption  of  a 
fixed  form  for  the  shape  of  the  radial  temp¬ 
erature  distribution  in  that  region.  With 
this  approach,  expressions  relating  the 
radial  heat  flux  into  the  propellant  at  any 
given  axial  location  and  time  to  the  curient 
propellant  temperature  adjacent  to  the  wire 
at  that  axial  location  and  the  time-inte¬ 
grated  value  of  local  fltx  up  to  that  time 
can  be  used  to  replace  rigorous  analysis  of 
the  propellant  region  in  supplying  needed 
boundary  conditions  for  solution  of  the  par¬ 
tial  differential  equation  (in  time  and 
axial  coordinate)  governing  heat  transfer  In 
the  wire.  (It  should  be  noted  passing 
that  the  integral  analysis  is  somewhat  more 
difficult  to  apply  in  the  current  cylindri¬ 
cal  geometry  than  in  the  one-dimensional 
geometry  treated  in  Caveny's  analysis  due  to 
the  transcendental  nature  of  the  integral 
equations  in  the  cylindrical  geometry  case.) 

Application  of  an  unsteady-state  heat 
balance  to  the  wire  results  in  the  following 
partial  differencial  equation  in  temperature 
(function  of  time  and  axial  location)  along 
the  wire: 

c  ^^wire  ^  ^  ^vlre 

‘“wire  p.wire  wire 


The  velocity  adjrcent  to  the  wire  Is 
used  in  calculation  of  a  friction  factor 
and,  using  Reynolds'  analogy,  a  heat  trans¬ 
fer  coefficient  for  heat  transport  from  Che 
product  gases  into  the  wi^e  Laminar  flow 
equations  are  employed  for  a  Reyn'^lds' 
Number  (based  on  wire  diameter  and  axial 
velocity  adjacent  to  the  wire)  of  less  chan 
2000,  while  a  constant  friction  factor  of 
0*008  is  used  for  higher  Reynolds'  Humber 
values,  leading  tc: 
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4  X  C 

..  PtProd  _gas_ 

"  “wire 

(Turbulent) 


T  ,  ) 

wire 


(6a) 


4 

+  - 

^wire 


q" 


(7). 


where  the  sign  convention  for  q”  Is  such 
that  it  represents  heat  flux  Into  the  wire 
at  rny  axial  location,  (Recall  the  sump¬ 
tion  of  a  thermally  thin  wire,  which  reduces 
the  wire  analysis  to  a  one-dlmenslonal 
transient  problem  through  neglect  of  radial 
temperature  gradients  in  the  wire  Itself.) 
The  boundary  conditions  for  the  part  of  the 
wire  projecting  into  the  gas  product  stream 
were  discussed  in  the  previous  section.  For 
the  submerged  part  of  the  wire,  Che  heat 
flux  into  the  wire  at  any  axial  location  may 
be  expressed  as: 


.008 


(T_ 


(SI  ghc  modification  of  this  analysis  to 
allow  for  differences  between  the  angle  at 
Che  tip  of  the  cone  and  the  average”  angle 
over  the  entire  cone  was  carried  out  during 
extension  of  the  model  to  treatment  of  Che 
effects  of  wires  on  motor  ballistics.) 


It  ^^prop^^wirc*^^ 
prop 


3r 


(8) 


where  q",  T  .  _  r  .  T  .  ,  h 

prop, interface’  wire’  contact’ 

and  3Tp^^p/3r  are  4ll  functions  of  axial 

location  (z)  and  time.  The  integral  method 
outlined  below  is  used  to  relate  q"  (z,t)  to 
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T  ^  e  (2»t)  at  each  axlul  location 

prop  ,  in  te r  t ac e 

and  time,  and  Eqn.;:  8  is  then  used  to  ellmln- 

ate  T  4  ^  £  to  establish  a  relation- 

prop  »  Interface 

ship  between  q”  (2,t)  and  (z,t);  Eqn. 

7  can  then  be  solved  nucaerically  using  an 
Implicit  scheme  involving  solution  of  a  tri- 
diagonal  matrix  at  each  time  step. 


With  neglect  of  axial  temperature 
grai'ients  in  the  propellant  (Assumption  1) 
the  governing  equation  for  temperature 
distribution  In  the  propellant  at  any  axial 
location  is: 


(9) 


Following  the  method  of  Lardner  and  Pohle^^^^ 
for  integral  method  analysis  in  cvlindrlcal 
coordinates,  it  is  assumed  chat  Cue 
temperature  profile  shap'^  at  any  given  time 
and  axial  location  may  be  expressed  as: 


(10) 


where  <5  (z,t)  Is  the  thermal  wave  thickness 
in  Che  propellant  and  g  is  a  constant  deter¬ 
mined  by  the  boundary  conditions.  These 
boundary  conditions  are: 


r 


^wlre 


+  d 


T  ■  0  , 


3T 

3r 


■  0 


r  •  r 


wire 


q" 


Srop  ~ 


<11) 


Application  ot  these  bojndary  conditions, 
and  substitution  of  n(z,t)  -  (6(z,t)  + 

r  .  )/r  .  leads  to: 

wire  wire 


0^  (q''f  i  /k  )(n  ”  r/r  .  ln(r/r  .  n) 

^  «  wi“e  prop"^*  wire'^  wire 

(n-l)(21nn  +  11-1) 


(12) 


which  when  evaluated  at  the  propel lant-vlre 
Interface  (r  *  *^wire^  yields: 


prop. interface 


wire  prop 


21nn  +  n  “  1 


Integration  of  both  sides  of  Eqn  9  over  the 
thermal  wave  thickness  to  +d), 

followed  by  substitution  ot*'fhe  flux  Bound¬ 
ary  condition  at  the  wir e-propel 1  an t  inter¬ 
face  ^second  part  of  Eqn.  8)  and  consider¬ 
able  mathematical  manipulation  leads  to  an 
expres<’.on  relating  the  therr^al  protlie 
thickness  at  a  given  time,  the  flux  at  chat 
tire,  and  the  time  integral  of  the  flux  up 
to  that  time  (all  at  a  given  axial  loca¬ 
tion): 


where 


f(n) 


^  -  96n  +  36)lnn  +36n^  -13n^-  32n  +  9 


194(n-l)(21nn  +  n  -  1) 

(15) 

The  heart  of  the  Integral  analysis  lies  in 
breaking  Che  integral  of  Eqn.  14  down  to: 

t  t-At  q*'(t-At.)  +  q'*(t) 

^q”dt  ■  J*q'*dt  +  “  “  ~  Atj  (16) 

0  0  2 


with  the  integral  on  the  right-hand  side  of 
Che  equation  being  updated  and  stored  at 
each  time  step* 

A  brief  outline  of  the  procedure  for 
analyzing  heat  transport  in  the  wire  and 
propellant  using  the  Integral  method  for  the 
propellant  follows.  For  any  time  step  (At.) 
new  values  of  T  .  are  calculated  at  each^ 
axial  node  along  EBe  wire  using  one  time 
step  of  numerical  integration  of  Eqn.  7  with 
the  old  (previous  time  step)  flux  values 
(lagging  solution).  New  values  of  propel¬ 
lant  temperature  at  Che  wlre-propellanc 
interface,  n  (dinenalonleas  thermal  wave 
penetration),  and  flux  are  then  calculated 
at  each  axial  location  using  Eqns  13-16 
along  with  the  first  part  of  Eqn.  8  in  a 
trial-and-error-loop  calculation.  (For 
cases  with  very  small  or  no  gap  between  the 
wire  and  propellant,  the  old  flux  values 
could  be  used  to  calculate  the  temperatures 
via  Eqn.  8,  with  subsequent  solution  of 
Eqn-:.  13-16  for  new  flux  values,  but  with 
gaps  of  more  chan  a  few  microns,  this 
simpler  procedure  was  found  to  break  down.) 
The  new  values  of  flux  are  then  used  to 
update  the  flux-time  integrals  at  each  node 
and  a’’e  also  used  as  boundary  conditions  In 
treatment  of  the  next  time  step  in  the 
Integration  of  Eqn.  7  with  respect  to  time.: 

TREATMENT  OF  MELTING  WIRE  EFFECTS 

Some  of  Che  wire  materials  employed  in 
wired  propellant  grains  have  fairly  1 /W 
melting  points  (e.g.,  930*K  for  aluminum, 
1230®K  for  silver,  1355*K  for  copper);  early 
calculations  with  a  computer  code  based  on 
Che  analysis  described  in  the  preceding 
sections  showed  that  these  temperatures 
would  be  quickly  exceeded  at  the  outer 
reaches  of  the  exposed  wires  as  Che  propel¬ 
lant  receded  back  around  them.  It  is  post¬ 
ulated  that  the  shear  forces  associated  with 
the  product  flow  along  the  wires  (out  of  Che 
cones)  will  instantaneously  remove  any  wire 
nodes  whose  temperature  riser  above  the 
melting  point  of  the  marpria]  be^ng  used. 
Accordingly,  the  code  was  modified  to  drop 
at  each  time  step  any  wire  nodes  predicted 
CO  rise  above  the  melting  temperature  during 
the  preceding  time  increment.  In  this 
analysis,  the  heat  of  melting  is  straight¬ 
forwardly  decremented  from  Che  heat  balance 
on  the  wire  via  modification  of  the  wire  tip 
boundary  condition  to  Include  s  heat  of 
melting  term  for  the  mass  associated  with 
Che  dropped  nodes. 


2  f-  u 

a  /r  ,  q"  f  q  dt 
prop  wirc^  ) 

0 


•  f(n) 


3.5  COMPARISON  OF  MODEL  PREDICTIONS  WITH 
('*)  STRAND  DATA 

As  Indicated  earlier,  an  extensive  data 
base  o:«  the  effects  of  wires  on  propellant 


burning  rates  was  developed  by  Rumbel,  et  al 
for  two  polyvlnylchlorlde-aoaonlum  perchlor¬ 
ate  solid  propellant  formulations  in  the 
1930'8*  In  this  investigation,  in  which 
wired  propellant  strands  were  burned  In  a 
pressurized  bomb,  wire  type,  wire  diameter, 
and  pressure  were  systematically  varied 
Independently;  thus,  this  data  base  provides 
an  excellent  test  vehicle  for  the  model 
described  above*  In  addition,  data  obtained 
more  recently  by  Atlantic  Research  for  a 
polybutadiene-based  composite  propellant  are 
examined*  Compositions  for  the  three 
formulations  studied  along  with  propellant 
properties  needed  for  'model  Inputs  are  given 
in  Table  I.  As  may  be  seen,  the  two  poly¬ 
vinyl  chloride  formulations  (Arcltes  155  and 
322)  are  nearly  identical,  differing  only  in 
ammonium  perchlorate  size  distribution  (and 
thus  matrix  burning  rate)*  Data  obtained 
w^th  six  different  wire  materials  (silver, 
copper,  tungsten,  platinum,  aluminum,  and 
molybdenum)  were  compared  to  model  predic¬ 
tions  in  this  study;  properties  of  these 
materials  required  as  model  inputs  are 
tabulated  in  Table  II. 

As  mentioned  in  discussion  of  the  model 
development,  allowance  was  made  in  the  model 
for  a  finite  contact  resistance  (variable 
with  axial  distance  along  the  wire  via  user 
input)  between  the  wire  and  propellant  to 
permit  simulation  of  the  effects  of  gaps 
resulting  from  wire  unbonds  (causeo  in  motor 
situations,  for  example,  by  temperature 
cycling  resulting  in  different  expansions/ 
contractions  of  the  propellant  and  the 
metallic  wires  which  tend  Co  have  large  dif¬ 
ferences  in  coefficients  of  thermal  expan¬ 
sion).  All  calculations  presented  in  this 
section  were  performed  using  a  negligible 
contcct  resistance  (very  high  value  of 
h  )  under  the  logical  assumption  that 

nonsuch  unbonds  were  present  with  the  wired 
strands*  In  all  cases,  the  model  was  run 
until  an  asymptotically  limiting  value  of 
burn  rate  along  the  wire  was  achieved 
(generally  at  0*5  to  1.0  cm  of  total  regres¬ 
sion  along  the  wire),' 

The  one  needed  propellant  property 
which  is  not  well  documented  (and,  in  fact, 
not  even  very  well  defined)  is  Che  autoigni¬ 
tion  temperature,  required  for  evaluation  of 
the  constants  appearing  in  the  burning  rate 
versus  temperature  equation  (Eqn.'  1/. 
Discussions  with  various  propellant  deve¬ 
lopers  indicate  that  physically  realistic 
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values  of  this  parameter  probably  are 
bounded  by  450  and  600*K  (350-620®F)*  A 
rough  optimization  of  choice  of  value  for 
this  parameter  was  carried  out  by  comparison 
of  model  predictions  with  data  obtained  at 
1000  psla  with  various  diameter  tungsten 
wires,  resulting  in  a  chosen  value  for  auto- 
ignition  temperature  of  520*K  (475*F)  for 
the  Arclcea.  Sensitivity  of  predicted  aug¬ 
mentation  ratios  (wired  rate/matrix  rate)  to 
this  parameter  was  examined;  results  of  this 
sensitivity  study  for  3  mil  diameter  tung¬ 
sten  wires  in  Arcite  153  are  presented  In 
Fig  2.'  As  may  be  seen,  variation  of  the 
autoignlcion  temperature  value  from  480  to 
560*K  (^  40*K  around  Che  selected  520*K 
value)  leads  to  a  variation  in  augmentation 
ratio  from  4.8  to  2.9  (+  30  percent  around 
the  3*65  value).  Thus  it  may  be  seen  that 
the  sensitivity  of  predicted  wired  rates  to 
this  parameter,  while  not  overwhelming,  is 
certainly  not  negligible;  further  informa¬ 
tion  for  fitting  of  Che  constants  in  Eqn.  1 
(for  example,  temperature  sensitivity  data 
out  to  much  higher  temperatures  than  norm¬ 
ally  examined)  would  be  highly  desirable. 


2  S*nsrtiv<ty  of  CWcvUtoo  Wirw)  Propoiint  Burn  RM  to 
Input  Atftoigrwtion  IWTipprMurt 


In  Table  HI,  predicted  1000  psia  burn¬ 
ing  rates  and  augmentation  ratios  are 
compared  with  data  for  Arcite  322  containing 
5  mil  diameter  wires  of  different  materials 
(silver,  copper,  tungsten,  platinum,  and 
aluminum).  In  all  model  runs,  the  autoigni- 
Clon  temperature  of  the  propellant  is  held 
at  the  520^K  value  established  from  the 
earlier  analysis  of  the  tungsten  wire  data 
with  Arcite  155,  As  may  be  seen,  the  model 
does  a  reasonably  good  Job  of  predicting  the 
effects  of  the  various  materials  on  wired 
burning  rates,  though  it  does  overpredict 
the  augmentation  ratio  by  about  17  percent 
for  silvex  and  27  percent  for  aluminum, 
while  underpredlctlng  the  effect  of  platinum 
by  about  22  percent*  It  should  be  noted 
that  Che  conductivity  value  used  for 
aluminum  may  well  be  roo  high.  It  has  been 
observed  chat  electrical  conductivity  of 
aluminum  is  strongly  decreased  in  the 
presence  of  even  low  levels  of  impurities, 
and  it  is  generally  found  that  thermal  con- 
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Figure  3  Precfcted  and  Observed  EOecisc*  Various  Wires 
on  Burnirtg  Rale 


ductlvlty  tracke  well  with  electrical 
conductivity,  thus,  if  there  were 
impurities  in  the  aluminum  wire  used  the 
thermal  conductivity  may  well  have  been 
lower  than  the  value  used  in  the  modeling 
exercise;  reduction  of  this  value  from  0*53 
to  0.43  cal/cmsec  *K  would  result  in  excel* 
lent  agreement  between  model  predictions  and 
data  • 


In  Fig.  3,  predicted  and  experimental 
wired  burning  rates  for  Arcite  155  at  1000 
psla  are  plotted  against  wire  diameter  for 
tungsten,  molybdenum,  copper,  and  silver 
wires.  As  nay  be  seen,  the  model  predicts 
the  existence  of  a  wire  diameter  for  which 
the  rate  is  maximized,  with  the  rate  rolling 
off  fairly  quickly  for  smaller  diameters  and 
more  gradually  for  larger  diameters;  for  the 
four  wire  materials  studied,  the  rate* 
maximizing  diameters  are  predicted  to  be  3 
to  4  nils.  In  general,  the  model  predic¬ 
tions  agree  reasonably  well  with  the  data 
both  in  terms  of  general  magnitude  of  the 
wire  effect  and  wire  diameter  dependency. 
With  tungsten  wires,  agreement  between 
theory  and  data  is  exellent  while  with 
molybdenum  and  copper  the  degree  of  agree¬ 
ment  is  certainly  respectable.  Even  with 
silver  wires  the  trends  appear  to  be 
correctly  predicted  though  the  magnitude  of 
the  wire  effect  is  overpredicted  for  silver 
wires  as  with  Arcite  322.  On  the  whole,  the 
model  predictions  appear  to  be  quite  accept¬ 
able,  particularly  considering  the  lack  of 
adjustable  parameters . 

A  predicted  burning  rate  versus 
pressure  curve  for  Arcite  155  with  3  mil 
diameter  tungsten  wires  is  plotted  along 
with  five  data  points  in  Fig.  4;  as  may  be 
seen,  the  degree  of  agreement  is  outstand¬ 
ing.  In  Fig.  5,  a  similar  burning  rat' 
versus  pressure  presentation  of  data  and 
predictions  is  made  for  Arcadene  426  with  10 
mil  diameter  silver  wires.  Due  to  major 
differences  in  this  formulation  from  the 
Arcltea  (Table  I),  it  is  reasonable  to 
expect  that  the  effective  autoignitlon  temp¬ 
erature  of  this  propellant  might  well  differ 
from  the  520^K  value  used  tor  the  Arcltes. 
Predicted  burning  rate  versus  pressure 
curves  calculated  using  autoignition  temper¬ 
atures  of  550,  600,  and  620'’K  are  presented, 
along  with  wired  propellant  and  matrix  data, 
ir  Fig.  5.  It  is  observed  that  reasonably 


Figure  5.  Arcadene  426  with  10  mil  Diameter  Silver  Wire 


good  agreenent  between  theory  and  data  Is 
found  with  T  »  600  or  620  degrees 
Kelvin,  whilf^u^e  of  •  550  degrees 

Kelvin  leads  to  overprIHict Ion  of  augmenta* 
tlon  ratio  by  about  15-20  percent.  It 
should  be  recalled,  however,  chat  the  effect 
of  silver  wires  was  overpredicted  for  the 
Arcice  formulations.  Thus  It  might  be  that 
the  550  degree  value  would  prove  to  be  more 
reasonable  in  predictions  of  Arcadene  426 
behavior  with  other  wire  materials;  unfortu¬ 
nately  data  for  such  a  comparison  have  not 
been  found*. 

Figures  6  and  7  demonstrate  some  of  Che 
transient  prediction  capability  of  the  model 
described  in  this  paper,  as  well  as  showing 
how  the  approach  to  Che  steady-state  wired 
rate  in  a  strand  is  influenced  by  the 
initial  protrusion  of  Che  wire  into  the  gas 
product  stream  above  the  initially  flat  sur¬ 
face.  In  Figure  6,  burning  rate  of  ArciCe 
155  at  1000  psla  along  a  3  mil  diameter 
tungsten  wire  is  plotted  against  cumulative 
distance  burned  for  three  different  initial 
wire  projections  (.01,  .05,  and  .50  cm).  As 
might  be  expected,  the  burn  race  asymptotes 
to  Che  steady-state  value  in  a  shorter  burn- 
back  distance  for  greater  initial  wire 
protrusion,  with  the  required  burnback 
distance  varying  from  about  0.4  cm  for  the 
0.50  cm  initial  protrusion  to  0.6  cm  for  the 
0.01  initial  protrusion.  Figure  7  presents 
similar  results  for  a  10  mil  dlttmeter  silver 
wire;  since  silver  has  a  melting  temperature 
of  only  1230^K,  well  below  the  propellant 
flame  temperature  (unlike  tungsten,  whose 
melt  temperature  exceeds  Che  flame  tempera¬ 
ture),  it  eventually  attains  a  steady-state 
projection  distance  into  the  gas  (approxi¬ 
mately  0.83  cm  as  indicated  in  Che  figure) 
with  one  wire  node  melting  and  dropping  off 
for  each  increment  of  propellant  burned. 
Again,  larger  values  of  initial  protrusion 
of  the  wire  into  the  product  gases  lead  to 
quicker  approach  to  a  steady-state  burning 
rate  along  the  wire. 


nou.«  &  Examination  of  Effects  of  Initial  Wire  Protrusion 
on  Burn  Rate  vs  Distance  Burned 


Figure  7  Examination  of  Effects  of  Initial  Wirt  Protrusion 
on  Burn  Rate  vs  Distance  Burned 


3.6  PREDICTED  EFFECTS  OF  GAPS  ON  WIRED 

STRAND  RATES 

Following  completion  of  Che  calibration 
cf  the  strand  version  of  the  wired  burning 
rate  model  with  respect  to  the  data  base 
described  in  Che  previous  section,  para¬ 
metric  studies  of  the  effects  of  gaps 
between  the  wire  and  surrounding  propellant 
on  strand  burning  rate  were  carried  out. 
Arcadene  426  burning  at  200  psl  with  an 
embedded  10  mil  diameter  silver  wire  was 
arbitrarily  chosen  for  these  studies.  An 
autoignition  temperature  for  this  formula¬ 
tion  of  360*K,  baaed  on  the  rationale 
presented  in  the  last  section  was  used  In 
generation  of  the  results  presented  here; 
trends  observed  were  only  slightly  affected 
by  use  of  autolgnltlon  temperatures  over  the 
range  presented  in  Fig.  5.  In  calculation 
of  th3  beat  transfex  coefficient  across  the 
gap  t  Eqn.  8,  the  quotient  of  the 

thermal^conSuctivlty  of  the  gap  medium  and 
the  gap  width)  a  value  of  O.OCOl 
cal/ca/sec/K  was  used  for  the  thermal 
conductivity  of  the  gap  gases  (corresponding 
to  nitrogen  at  about  400*K),  again  somewhat 
arbitrarily.  [Obviously,  if  a  different 
value  is  chosen  the  resuJts  presetted  can  be 
easily  adjusted  by  ratlolng  gap  Widths  pro¬ 
portionally  to  the  conductivity  values.) 
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In  Fig.  8,  the  effect  of  the  gep  size 
on  strand  burning  rate  versus  distance 
burned  (again  assuming  an  Initially  flat 
surface)  Is  presented*  Included  for 
reference  are  the  matrix  rate  for  Arcadene 
A26  at  200  psl  and  the  predicted  burn  rate 
versus  distance  burned  for  perfect  contact 
between  the  wire  and  the  propellant  (no 
gap).  As  may  be  seen,  the  shapes  of  the 
curves  for  the  various  gap  widths  are  some* 
what  similar,  though  the  overshoot  in  burn 
rate  predicted  at  zero  or  small  gap  width 
(resulting  from  the  finite  time  required  for 
the  quaal'Steady  temperature  profile  In  the 
wire  to  be  established)  does  disappear  for 
gap  widths  In  excess  of  about  5*10  microns 
(0. 2*0.4  mils).  As  also  shewn  by  this 
figure  and  Figure  9,  the  asy  ptotlc  strand 
rate  decreases  monotonies  1 1 y  wl.h  Increasing 
gap  width,  as  expected,  with  the  augments* 
tion  ratio  (wired  rate  divided  by  matrix 
rate)  decreasing  from  about  7  in  the  case  of 
no  gap  to  4  for  a  5  micron  (0.2  mil)  gap  to 
2  for  a  33  micron  (1.3  mil)  gap. 


strand,  suddenly  Increased  to  some  non~zero 
value  and  held  constant  at  that  value  for 
the  next  1.5  cm,  and  then  suddenly  returned 
to  zero,  representing  a  small  local  unbond 
region.  Three  gap  widths  (1,  2,  and  5 
microns)  were  examined.  As  the  region  with 
the  gap  is  approached,  the  model  predicts  an 
upturn  in  the  burning  rate  (due  to  less  heat 
loss  along  the  wire  downstream  of  the  begin* 
nlng  of  the  gap).  As  soon  as  the  gap  Is 
reached,  burning  rate  drops  precipitously, 
wih  a  strong  overshoot,  before  rebounding  to 
the  qua8i*8teady*8tace  rate  for  the  given 
gap  width  (compare  the  intermediate  flat 
region  to  figures  8  and  9).  Toward  the  end 
of  the  gap  region  the  predicted  rate  de¬ 
creases  for  a  short  period  due  to  increased 
losses  in  the  downstream  region  where  the 
gap  has  returned  to  zero;  a  strong  overshoot 
is  then  predicted  just  downstream  of  the  end 
of  the  gap  with,  finally,  an  asymptotic 
return  to  the  zero-gap  burning  rate.  Thus, 
it  may  be  seen  that  local  gaps  can  have 
dramatic  effects  on  predicted  burn-rate 
versus  distance  burned  along  a  strand,  par¬ 
ticularly  for  step  changes  In  gap  width.' 
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It  is  recognized,  however,  that  such 
step  changes  are  somewhat  idealized  limiting 
cases;  accordingly  a  second  scenario  as 
regards  gap  width  distribution  along  a  wire 
was  studied.  In  this  scenario  (for  which 
results  are  presented  In  Fig.  11),  the  gap 
Is  again  held  at  zero  for  the  first  two 
centimeters  along  the  wire,  with  a  ramp  up 
to  a  designated  value  over  the  next  two 
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In  Figure  10,  results  of  examination  of 
the  effects  of  step  changes  In  gap  size 
along  the  propellant  strand  are  presented. 

In  these  studies,  the  gsp  width  was  held  at 
zero  for  the  first  two  centimeters  along  the 
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using  Eqns.  17*20 


centlmet^irs ,  followed  by  a  hold  at  the 
designated  value  for  the  next  two  cent!* 
meterS)  and  finally  a  raop  back  to  zero  gap 
width  over  the  next  two  centimeters.'  Desig¬ 
nated  gap  width  values  examined  in  this  part 
of  the  study  were  2,  5t  10,  15,  and  20 
microns.  As  may  be  seen,  overshoots  are 
somewhat  reduced  (though  not  eliminated)  by 
the  more  realistic  use  of  ramp  changes  in 
gap  width.  The  flat  portions  of  the  burning 
rate  versus  distance  burned  curves,  appear¬ 
ing  over  most  of  the  period  of  constant  gap 
width,  again  agree  well  with  the  quasi- 
steady-state  values  for  the  corresponding 
gap  widths  presented  in  Figures  8  and  9. 

4.  EXTENSION  OF  MODEL  TO  CALCULATION  OF 

MOTOR  BALLISTICS 

Extension  of  the  model  described  above, 
developed  for  calculation  of  the  effects  of 
wires  on  propellant  strand  rates  (fixed 
pressure)  with  and  without  gaps  between  the 
wire  and  the  propellant,  to  treatment  of 
motor  ballistics  (with  time-dependent  pres¬ 
sure  and  matrix  rate)  Involves  addition  of 
geometric  (cone  development)  and  ballistic 
analysis  steps  (along  with  the  slight  modi¬ 
fication  of  the  analysis  of  heat  transfer 
from  product  gases  into  the  wire,  alluded  to 
earlier).;  For  simplicity  (at  least  at 
present)  the  motor  analysis  is  currently 
limited  to  treatment  of  a  cylindrical  end- 
burning  grain  with  a  single  wire  down  its 
center.  (Cap  width  between  the  wire  and 
surrounding  propellant  jU  allowed  to  vary 
with  distance  along  the  wire  for  parametric 
study  of  the  Influence  of  non-constant  gaps 
on  ballistics.) 

4.1  MODEL  DEVELOPMENT 

As  the  propellant  burns  oack  along  the 
wire,  successive  segments  of  propellant 
surface  with  orientations  determined  by  the 
angle  at  the  tip  of  the  cone  at  the  lime  of 
their  generation  are  added  to  the  developing 
cone.  These  segments  subsequently  burn  back 
normal  to  their  orientations  at  the  pres¬ 
sure-dependent  matrix  burning  rate  (function 
of  time  through  dependence  of  pressure  on 
time).  At  each  successive  time  point,  each 
segment  is  moved  back  normal  to  Its  orienta¬ 
tion  by  a  distance  equal  to  the  product  of 
the  instantaneous  matrix  rate  and  the  time 
Increment,  and  new  intersections  of  adjacent 
segments  are  calculated  for  definition  of  a 
new  cone  surface  profile.  (As  part  of  this 
procedure,  segments  can  of  course  disappear 
upon  convergence  of  their  normal  bisectors  - 
this  is  treated  In  the  geomv. .  leal 
analysis.)  As  the  intersection  of  the  first 
segment  generated  with  the  remaining  Initial 
flat  surface  (which  is  of  course  also 
receding)  moves  outward,  the  motor  wall  is 
eventually  reached  (no  more  surface  normal 
to  the  motor  axis)  and  treatment  of  succes¬ 
sive  in t ersacL ions  of  the  cone  with  the  wall 
is  broughf  into  the  geometrical  analysis. 

Definition  of  the  full  shape  of  the 
cone  and  the  amount  of  flat  surface  not  yet 
engulfed  (up  to  the  point  at  which  the  cone 
Intersects  the  wall)  permits  straightforward 
calculation  of  total  propellant  (.urface  area 
at  any  given  time.  This  value  is  then  used 
in  a  simplified  chamber  ballistics  analysis 
(In  which  product  temperature  variations  due 
to  pressurization/depressurization  are 
neglected)  to  calculate  the  evolution  of 
motor  pressure  and  free  volume  with  time 
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4.2  PREDICTION  OF  MOTOR  PRESSURE  BEHAVIOR 

Next,  the  complete  model,  including 
treatment  of  cone  shape  development  and 
motor  chamber  ballistics  coupled  with  the 
analysis  of  wire  heating  effects  on  propaga¬ 
tion  of  the  cone  tip  along  the  wire  was 
utilized  in  a  limited  study  of  the  effects 
of  wires  on  motor  ballistic  behavior,  with 
ard  without  the  presence  of  gaps  between 
wire  and  propellant.  The  Arcadene  426 
propellant  (Tabic  1)  with  a  single  10  mil 
diameter  silver  wire  embedded  along  the 
motor  axis  was  used  for  this  study;  motor 
parameters  chosen  are  summarized  in  Table 
IV.  A  fairly  small  motor  was  used  in  this 
study  since  larger  motors  generally  use  more 
than  one  wire,  a  scenario  not  yet  treatable 
with  this  model.  An  initially  flat  surface 
(no  preconlng)  was  assumed;  the  chosen  motor 
parameters  yield  an  Initial  motor  pressure 
( steady-stste  pressurp  without  the  wire)  of 
about  three  atmospheres.  It  should  be  noted 
that  Che  pressuze  exponent  of  the  chosen 
propellant  is  fairly  high  (0.577)  leading  to 
strong  magnification  of  wire  effects  on 
motor  operating  pressure. 


Table  4.  Motor  Parameters  For  Motor  Pressure-Time 
History  (^ases  Studied. 


Arcadene  426  Propellant 
10  mil  Diameter  Silver  Wire 

BR  (cm/sec)  »  0 149  pO-577  (p  jp  atmospht'es) 

Product  MW -24.65 

C-Star  -  4900  It/sec 

Throat  Area  -  0.041  cm2 

Motor  ID  -  1.5  cm 

Initial  Free  Volume  -  10  cm3 

Equil.  Pressure  w/o  Wire  -  2.938  atm 

Initially,  Flat  Surface  (No  Precone) 

One  Wire 


first,  the  effects  of  various  constant 
gap  widths  between  wire  and  propellant  were 
examined!  reaulta  are  presented  In  fig.  17 
(pressure  versus  distance  burned)  and  Pig. 

13  (asymptotic  pressure  levels  attained 
versus  gap  width).  As  may  be  seen  from  Pig. 


Asymptobe  Pressure  (atmospheres)  Pressure  (a»n) 


6v 


the  model  predicts  considerable  (order 
[)  percent)  overshoot  in  pressure  above  00 
asymptotic  value  due  to  Interactions 
sen  wire  heatup  processes  and  cone 
lopment  processes*  The  asymptotic  pres*- 
level  is  predicted  to  decrease  strongly 
increasing  gap  width,  due  to  a  combina**  ^0 
of  the  strong  sensitivity  of  propaga** 
rate  along  the  wire  to  gap  width  (shown  20 
ler)  and  the  relatively  high  burning 
-pressure  exponent* 
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Figure  13.  Asymptotic  Equilibrium  Pressurs  Vsmis  Gap  Width 
for  Baseins  Motor  Tast  Cass. 

Finally,  the  effects  of  several 
scenarios  as  regards  gap  width  distribution 
along  the  wire  were  examined;  results  of 
these  studies  are  presented  in  the  five-part 
Fig*  14*  In  each  part  of  this  figure,  the 
gap  width  versus  distance  burned  profile  is 
presented  at  the  bottom  of  the  panel,  with 
the  resulting  predicted  pressure  being  pre¬ 
sented  at  the  top  of  the  panel.  (The  first 
8  cm  of  each  case  are  omitted  since  the  gap 
width  in  all  cases  i/as  zero  over  this 


Cunviattvs  DMancs  Burned  (cm) 


Figure  14. 

Pressor.  (Atmospheres)  Versus 
Cumulative  Distance  Burned  for 
Various  Gap  Width  Schedules. 


portion  of  the  run,  leading  to  identical 
results)*  In  all  cases  examined,  the  maxi¬ 
mum  gap  width  was  10  microns  (0*4  mils). 

As  may  be  seen  from  Panel  A,  a  2  cm 
ramp  up  to  10  micron  gap  width,  followed  by 
2  cm  at  this  gap  width,  followed  by  a  2  cm 
ramp  back  to  zero  gap  results  in  a  slightly 
distorted  pressure  versus  time  psttern,  wit 
a  modest  undershoot  in  pressure  relative  to 
the  10  micron  gap  asymptotic  value*  With  a 
2  cm  ramp-up  followed  by  an  Immediate  2  cm 
ramp  back  to  zero  gap  (Panel  B)  a  fairly 
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regularly  waveform  ia  obtained,  with 
pressure  not  quite  dropping  to  the  aymptotlc 
value  of  33  atm.  associated  with  a  10  micron 
gap*  Skipping  to  Panel  D,  where  the  ramp 
times  are  halved,  we  again  see  a  regular 
waveform,  but  the  minimum  pressure  produced 
in  this  case  is  even  further  above  the  10 
micron  gap  asymptotic  value. 

In  Panels  C  and  E,  the  effects  of 
repeated  sawtooth  ramps  corresponding  to  the 
single  sawtooth  patterns  cf  Panels  B  and  D 
are  presented;  as  may  be  seen,  approximately  8 
the  same  pressure  minima  are  predicted,  but 
the  pressure  does  not  return  to  anywhere 
near  the  zero-gap  asymptotic  value  during 
the  intermediate  returns  of  gap  width  to 
zero,  only  returning  to  that  value  after 
cessation  of  the  gap  width  cycling. 

This  preliminary  study  demonstrates 
that  the  existence  of  gaps  between  the  wire 
and  propellant  in  wired  motors  can  have 
major  impact  on  motor  pressure  behavior, 
with  considerable  variation  of  pressure  with 
time  and  considerable  reduction  in  average 
operating  pressure  (and  thus  mass  flow  and 
thrust).  Such  behavior  has  Indeed  been 
observed  In  high  L/D  wired  motors  which  have 
been  temperature  cycled  and  then  fired  at 
low  temperature  conditions  (but  not  when  the 
motors  are  temperature  cycled  and  fired  at 
normal  ambient  or  high  t  jpe^-ature).  It  is 
suspected  that  the  temperature  cycling,  due 
to  large  differences  in  thermal  expansion 
coefficient  of  wire  and  propellant,  leads  to 
unbonds  between  wire  and  propellant  causing 
sporadic  gaps  between  the  wire  and  the  pro¬ 
pellant  which  cannot  relax  back  to  zero  gap 
at  low  temperature  conditions  where  the 
propellant  is  considerably  less  clastic  than 
at  normal  ambient  or  high  temperature 
condlt ions . 
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RESUM£ 

L’apparition  d’une  instability  de  combustion 
tors  de  i’essai  d'un  moteur  &  propergol  solide  constitue 
toujours  un  yvdnement  majeur  par  ses  possibles 
r6percus$ions  sur  le  dilai  et  le  coflt  de  dyveloppement  du 
systime.  Depuis  plus  de  quarante  ans,  de  nombreuses 
observations  sur  moteurs  ont  6t6  accumuiyes,  des 
mythodes  d’analyse  ont  yty  dyveloppyes  pour  comprendre 
et  dycrire  les  observations  et  des  outils  de  pryvision  en 
ont  yty  dyrivys.  Malgry  des  progris  significatifs,  il  arrive 
encore  que  des  moteurs  conjus  -tables  se  rdvilent 
instables  lots  des  premiers  essais.  Les  outils  de  conception 
ne  prysentent  done  pas  encore  le  niveau  de  fiability  requis 
par  les  industriels  et  des  progris  restent  ndeessaires  tant 
dans  la  compryhension  des  phynomynes  que  dans  la  mise 
au  point  d’outils  amdliorys  de  conception. 

Cette  confyrence  vise  un  bilan  objectif  de 
rytat  des  connaissances  et  des  moyens,  ainsi  que  la  mise 
en  yvidence  des  phynomynes  les  plus  critiques  et  des  a>es 
de  recherche  prioritaires.  La  premiyre  partie  rap  '  les 
notions  gynyrales  sur  les  instability$  de  combusti  ts 
moteurs  D  propergol  solide  et  tente  de  dygager  les  lit.  es 
des  approches  les  plus  utilisyes.  La  seconde  partie  met  en 
relief  les  progrys  intervenus  dans  les  derniyres  annyes  sur 
les  phynomynes  yiymentaires  mis  en  jeu  en  cours 
d’instability.  La  troisiyme  partie  illustre,  en  continuity 
avec  ce  qui  prycyde,  les  travaux  de  I’ONERA  sur  trois 
i-ypes  d’instability  de  complexity  aoissante  :  instability  en 
volume,  instability  longitudinale  d’un  moteur  sans  tuyyre 
en  description  monodimensionnelle  semi-analytique, 
instability  longitudinale  radiale  d’un  moteur  en  description 
bidimensionnelle  numyrique. 

1.  INTRODUCTION 

La  plupart  des  systymes  propulsifs  prysentent  une 
tendance  h  des  comportements  instationnaires  impryvus 
lors  de  leur  conception.  Un  point  de  fonctionnement 
stationnaire,  caractyrisy  par  une  consommation  du 
combustible  (ou  du  propergol)  et  par  une  poussye,  ou 
revolution  lente  des  grandeurs  propulsives  dans  le  cas 
d’un  moteur  y  propergol  solide,  est  gynyralement  visy  iors 
de  la  conception,  aiors  qu’un  fonctionnement  organisy  de 
fafon  oscillatoire  se  manifeste  parfois  iors  des  essais.  Le 
nom  gynyrique  d' 'instability  de  combustion"  est  donny  h 
ce  type  de  fonctionnement  oscillatoire. 

Une  revue  trys  compiyte  des  inslabiiites  dans  les 
systymes  h  combustible  ou  propergol  liquide  -chambres  de 
l^st-combustion  de  turboryacteur,  statorcacteurs,  moteurs 
fusyes  y  ergots  liquides-  a  rycemment  yty  ryalisye  par 
F.E.C.  (hilick  lors  d’une  confyrence  AGARD  (ryf.  1). 
Cette  revue  dygage  trys  clairement  la  dymarche  suivie  au 
cours  des  annyes  pour  parvenir  y  comprendre  la  physique 
qui  contrdle  les  instabilitys  de  combustion  et  le  formidable 
dyfi  scientinque  que  reprysente  leur  compute  maltrise. 
Ces  mymes  caractyres  sont  retrouvys  dans  les  ouvrages  de 
ryUrence  qui  jalonnent  I’histoire  des  moteurs  y  propergol 
solide  et  qui  font  une  place  importante  aux  instabilitys  de 
combustion  (ryf.  2  y  4).  Tons  les  moteurs-fusyes  chimiques 


impliquent  la  transformation  de  I’ynergie  stockye  dans  les 
liaisons  des  moUcules  en  ynergie  mycanique  pour  cryer 
I’effet  propulsif  direct.  Cette  transformation  se  produit 
pour  des  dybits  yievys  de  propergol,  dans  de  trys  faibles 
volumes,  elle  correspond  y  une  puissance  ynorme  ;  il  n’est 
pas  surprenant  qu’une  trys  faible  fraction  de  cette 
puissance  puisse  ytre  utilisye  Ju  cours  du  processus  de 
transformation  pour  dydencher  et  e.itretenir  des 
phynomynes  oscillatoires.  Le  rdle  actif  des  mycanismes  de 
combustion  dans  I’instability  a  yty  trys  tdt  reconnu,  tant 
dans  les  moteurs  y  ergols  liquides  que  dans  les  moteurs  y 
propergol  solide.  Toutefois  il  est  manifeste  qu’un  mode 
d’instability  est  toujours  dypendant  de  son  environnement 
et  spycialement  de  la  gyomytrie  du  moteur.  Aussi  serait- 
il  plus  justifiy  de  parler  d’instability  de  fonctionnement,  de 
systyme  ou  de  moteur  que  d’instability  de  combustion.  Le 
terme  d’instability  de  combustion  sera  toutefois  conservy 
ici  en  raison  de  sa  large  diffusion. 

L’apparition  d’instabilitys  de  combustion  au  cours 
de  la  phase  de  dyveloppement  d’un  moteur  y  propergol 
solide  constitue  toujours  un  probiyme  syrieux  par  ses 
consyquences  directes  et  indirectes.  Les  consyquences 
directes  sont  soit  internes,  soit  extemes.  Du  point  de  vue 
du  fonctionnement  propre  du  moteur,  une  instability  de 
combustion  peut  accroitre  la  consommation  des 
protections  thermiques  internes  et  dans  les  cas  les  plus 
syvyres  (mode  acoustique  tangentiel)  induire  une  dynve 
des  grandeurs  stationnaires.  Une  instability  se  traduit 
ygalement  par  une  oscillation  de  la  poussye,  I’ensemble  du 
moteur  rentre  en  vibration  et  les  niveaux  vibratoires 
peuvent  dypasser  le  seuil  de  toiyrance  de  certains 
yquipements  ou  myme  de  la  charge  utile.  Les 
consyquences  indirectes  se  mesurent  en  termes  de  temps 
et  d’argent  car,  pour  yiiminer  ou  attynuer  les  instability.s, 
il  faut  modifier  gynyralement  I’architecture  du  chargement 
et/ou  son  propergol  puis  reprendre  les  essais.  II  est  done 
justifiy  de  considyrer  que  les  instabilitys  de  combustion 
constituent  une  maladie  endymique  des  moteurs  y 
propergol  solide  qu’il  convient  de  pryvoir  et 
yventuellemrnt  de  guyrir.  Chaque  industriel  possyde  une 
expyrience  et  des  rygles  de  I’arf  qui  le  guident  dans  la 
conception  d’un  nouveau  moteur.  Toutefois  cette 
connaissanceempiriques’avyrelimityelorsqu’apparaissent 
de  nouvelles  architectures  ;  la  recherche  conjointe  d’une 
fiability  accrue  et  d’une  diminution  des  coOts  de 
dyveloppement  rend  en  outre  nycessaire  une  dymarche 
plus  thyorique  et  plus  quantifiye.  Cette  dymarche 
scientifique  passe  nycessairement  par  la  compryhension 
detailiye  des  mycam'smes  mis  en  jeu  au  cours  d’une 
instability  et  dyboucho  sur  la  mise  au  point  d’outils 
analytiques  ou  numyriques  de  conception. 

Malgry  I’ampleur  des  efforts  menys  sur  le 
probiyme  des  instabilitys  de  combustion  depuis  plus  de 
quarante  ans,  I’dtat  actuel  des  connaissances  et  des  outils 
n’est  pas  y  la  mesure  des  ambitions  industrielles  et  des 
enjeux  yconomiques  et  la  maltrise  des  instabilitys  continue 
y  £tre  considyrye  comme  un  point-clef  de  la  technologic 
des  moteurs-fiisyes  y  propergol  solide  des  annyes  90 
(ryf.  5).  II  n’est  guyre  possible  de  prysemer  une  liste 
exhaustive  des  moteurs  qui  ont  cuiinu  des  iiistabiiites  de 
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combustion  dans  les  diff6rents  pays.  On  pent  toutefois 
signaler  que  certains  moteurs  de  grandes  dimensions, 
affectis  par  des  instabilitis  longitudinales  de  niveau 
mod£r£,  sont  parvenus  sans  modification  au  stade 
op£rationneI  ;  c’est  en  particulier  le  cas  pour  plusieurs 
moteurs  segmentis  pour  lanceurs  spatiaux,  pr£dits  stables 
lors  de  leur  conception  et  observ£s  instables  lors  des 
essais. 

L'^tat  de  I’art  de  I’analyse  des  instabilitis  de 
combustion  doit  beaucoup  aux  Etats-Unis.  Cest  en 
particulier  dans  ce  pays  que  sont  apparus,  peu  apris  la 
deuxiime  guerre  mondiale,  les  premiers  travaux 
fondamentaux  et  qu*ont  iti  mis  au  point  les  outils 
pridictifs,  tels  que  le  bilan  acoustique  et  ses  variantes, 
aujourd'hui  universellement  utilisfis.  L’avance  des  Etats- 
Unis  doit  certainement  beaucoup  au  dialogue  organist 
entre  les  £quipes  scientifiques  de  haut  niveau  des 
Universitis  et  celles  des  Centres  des  Forces  Annies  (Air 
Force,  Navy)  et  des  Industriels.  La  France,  qui  posside 
une  longue  tradition  dans  la  propulsion  par  propergol 
solide,  a  iti  confrontie  it  des  problimes  d’instabiliti  dans 
le  cadre  de  ses  programmes  de  missiles.  Les  premiers 
travaux  de  I’ONERA  ont  iti  initiis  vers  les  annies  1960 
par  M.  Barrire  et  se  poursuivent  actuellement ;  en  198u, 
de  nouvelles  itudes  ont  dimarri  pour  le  CNES,  dans  le 
cadre  du  diveloppement  du  Moteur  4  Propergol  ^lide  du 
lanceur  europien  Ariane  5.  On  trouvera  en  rifirence  6 
une  synthise  des  travaux  de  I’ONERA  rialisis  jusqu’en 
1979  et  en  rifirence  7  le  point  de  vue  de  la  SWE.  La 
compitence  des  autres  pays  ne  peut  itre  appriciie  qu’4 
partir  de  la  littirature  ouverte  et  des  ichanges  biiatiraux, 
elle  est  tris  Hie  aux  programmes  militaires  et  civils 
nationaux.  La  rapide  synthise  qui  suit  sera  limitie  aux 
pays  participant  4 1’AGARD  ;  I’impression  qui  s’en  digage 
est  I’existcnce  de  centres  de  compitence  orientis  vers  la 
risolution  de  problimes  spiciliques  soit  au  niveau 
appliqui,  soit  au  niveau  fondamental.  La  Grande 
Bretagne,  dont  les  travaux  sur  les  instabilitis  tangentielles 
faisaient  autoriti  dans  le  passi  (rif.  8),  parait  avoir 
concentri  ses  efforts  dans  la  formulation  des  propergols 
solides.  Le  Canada  semble  maintenir  une  grande 
expirience  pratique  sur  les  instabilitis  longitudinales 
prisentant  un  caractire  non  liniaire,  c’est-4-dire  associies 
4  des  amplitudes  ilevies  de  pression  ou  4  des  fronts 
raides  (rif.  9).  L’ltalie  poursuit  des  travaux  fondamentaux 
sur  les  micanismes  instationnaires  de  combustion  (rif.lO) 
et  est  tris  prisente  par  la  firme  BPD  dans  les 
programmes  spatiaux  europiens.  Les  Pays  Bas  ont 
particuliirement  publii  sur  les  instabilitis  en  volume 
(rif.  11). 

Si  les  recherches  sur  les  instabilitis  de  combustion 
gardent  une  certaine  vigueur,  notamment  aux  Etats  Unis, 
on  peut  s'interroger  sur  I’adiquation  des  moyens  engagis 
4  la  complexiti  du  problime.  Plusieurs  remarques  peuvent 
itre  proposies  sur  ce  point.  La  premiire  est  que  le 
problime  des  instabilitis  ne  redevient  souvent  prioritaire 
pour  les  dicideurs  qu’en  piriode  de  crise,  ce  qui  n’est  pas 
forciment  choquant  mais  restreint  I’ampleur  des  travaux 
qui  permettraient  justement  de  faire  face  4  une  situation 
d’urgence.  La  sccondc  rcmarquc  est  liic  au  fait  que  Ic 
progris  ne  peut  risulter  que  d’investissements  assez  lourds 
sur  les  plans  thiorique,  numirique  et  expirimental  et  que 
ce  pro^is  est  lent,  ce  qui  conduit  4  italer  les  programmes 
de  recherches.  Un  bon  iquilibre  doit  itre  trouvi  entre 
une  description  ditaillie  des  phinomines  physiques,  suivi 
de  leur  traitement  sans  biais,  et  I'acquisition  des  donnies 
d’emrie  indispensables.  On  notera  igalement  qu’il  existe 
un  couplage  itroit  entre  les  moyens  d’essais  chargis  de 
foumir  les  donnies  d’entrie  et  les  outils  de  simulation  4 
caractire  pridictif  puisque  les  mimes  descriptions 
thioriques  sont  utilisies  soit  en  mode  direct  (privision) 
soit  en  mode  inverse  (exploitation  des  essais) ;  ce 
couplage  est  particuliirement  net  pour  tout  ce  qui  touche 


la  combustion  instationnaire. 

Les  considirations  ginirales  qui  pricident  visaient 
4  resituer  le  problime  des  instabilitis  de  combustion  dans 
un  contexte  giniral.  Le  choix  volontairement  fait  pour  la 
suite  de  I'exposi  a  iti  de  priviiigier  la  description 
physique,  au  ditriment  des  diveloppements 
mathimatiques,  et  d’assurer  la  liaison  entre  les 
considirations  thioriques  et  les  observations.  On  treuvera 
done  successivement 

-  dans  le  chapitre  2,  un  rappel  des  bases  de  I’anrl^se  des 
instabilitis  de  combustion, 

-  dans  le  chapitre  3,  une  synthise  des  progris  rialisis  sur 
la  comprihens'on  des  phinomines  i'fmentaires, 

-  dans  le  chapitt  t  4,  I’illustration  de  quelques  travaux 
ricents  de  I’ONL'RA. 

La  combustion  instationnaire  du  propergol  solide, 
faisant  I'objet  d’une  autre  confirence,  ne  sera  traitie  que 
succintement. 

2.  NOTIONS  GENERALES  SUR  LES  INSTABILITES  DE 
COMBUSTION  ms  MOTEURS  A  PROPERGOL 
SOLIDE 

L’examen  des  ricents  diveloppements  de  I’analyse 
des  instabilitis  de  combustion  (chapitre  3)  nicessite  le 
rappel  d’un  certain  nombre  de  connaissances  et 
d’observations  ilimentaires.  Ce  rappel  synthetique 
s’efforcera  de  digager  les  problimes  les  plus  importants, 
dans  une  logique  chronologique.  Un  parallile  sera  fait  en 
particulier  entre  les  diffirents  objectifs  de  I’analyse  des 
instabilitis  de  combustion  et  les  diffirentes  appruches 
thioriques  qui  leur  correspondent,  ainsi  qu’entre  les 
observations  et  les  privisions  thioriques. 

2.1.  Bimantbe 

Telle  que  perpie  par  I’expinmentateur,  toute 
mstabiliti  de  combustion  posside  ses  caractiristiques 
propres  les  phinomines  sont  organLsis  sur  une 
frii.uence  fondamentale,  avec  une  amplitude  pouvant 
iventuellement  lentement  varier  dans  le  temps,  un 
contenu  friquentiel  Hi  4  la  forme  des  signaux  observis, 
etc...  Certaines  instabilitis  de  combustion  possidant  des 
caractiristiques  similaires  sont  riputies  appartenir  4  une 
mime  famille  de  modes  d’instabiliti. 

La  ditermination  des  modes  d’instabiliti  suit  une 
logique  qui  rappelle  les  observations  et  qui  procide  selon 
les  itapes  suivantes  ;■ 

-  recherche  des  friquences  des  modes  d’instabilitis 
susceptibles  de  se  manifester  naturellement  au  cours  du 
fonctionnement  ou  modes  potentiels, 

-  recherche  de  la  stabiliti  de  chaque  mode  potentiel  e’est- 
4-dire  de  sa  faculti  4  apparattre  riellement  ou  non, 

-  recherche,  pour  les  modes  identifiis  comme  instables, 
d’unc  ivcntucllc  stabilisation  de  I’amplitude  (cycle 
Hmite)  et  d’une  ivolution  des  grandeurs  moyennes, 

-  recherche  de  la  stabiliti  du  moteur  apris  une 
perturbation  de  grande  amplitude  et  en  cas  d'instabiliti 
diclenchie,  recherche  du  O'cle  Hmite. 

On  peut  done  distinguer  deux  types  de  stabiliti  que 
nous  nommerons,  en  rifirence  4 1’usage  pour  les  moteurs 
4  ergols  Hquides,  stabiliti  statique  et  stabiliti  dynamique 
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4  Pression 


Temps 


InstabililP  slalique 


Fiqure  1  ■  Types  de  stability !  inslabililS 


La  liniarisation  autorise  de  nombreux 
diveloppements  math^matiques  et  en  particulier  ;• 

-  elle  permet  de  considirer  tout  pWnomAne  comme  la 
superposition  d’un  ph^nomine  stationnaire  et  d’un 
phdnomine  instationnaire  ;  le  phinomine  stationnaire 
peut  £tre  traiti  ind£pendammeut  du  ph^nomine 
instationnaire  mais  le  phdnomine  instationnaire  depend 
en  principe  du  ph^nombne  stationnaire, 

dans  le  ph^nomine  instationnaire  global  peuvent  Stre 
mises  en  Evidence  les  contributions  additives  de 
ph^nomines  instationnaires  £i6mentaires. 

La  naissance  proprement  dite  de  I’instabiliti  n’est 
pas  dans  ce  cadre  un  problime  important  car  ur.  moteur 
k  propergol  solide  comporte  de  multiples  posslbilit^s  de 
destabilisation  de  tris  faible  amplitude  bruits  de  la 
combustion  et  de  I’^coulement,  d£tachement  accidentel 
d'un  petit  morceau  de  propergol  ou  de  protection 
thermique,  obstruction  partielle  et  momentan6e  de  la 
tuyere  due  au  passage  d’un  Aliment  de  I’aHumeur... 

Une  perturbation  initiate  va  donner  naissance  4 
des  ondes  propagatives  dans  I’^coulement  qui  vont  se 
rifl^chir  sur  la  surface  de  combustion,  les  parois  du 
propulseur  et  la  tuyere,  se  composer  pour  finalement 
s’organiser  sous  forme  d’onde  stationnaire.  A  ce  r6gime 
stationnaire,  au  sens  de  I’acoustique,  correspond  la 
possibility^  de  s6parer  les  variables  spatiales  et  temporelle 
sous  la  forme  complexe  ;• 

f'CT,  0  =  a  '"'■  «*“■  (2.3) 

?(i*)est  I’amplitude  complexe  qui  depend  de  la  position 
consid^rie,  to  =  2Tr'r  est  la  pulsation  et  w  est 
I’amplification  temporelle. 

Le  problime  mathdmatique  se  r^duit  done  de  la 
recherche  de  la  solution  d’un  systdme  d’iquations 
difteientielles  sur  et  h &  la  resolution  d’un  systime 
d’eqiations  differentielles  sur  ret  4  la  determination  de 
va'ejiS  proprfes  complexes  co-tw, 

L’analyse  lineaire  ne  permet  done  pas  de  prevoir 
I’amplitude  absolue  de  I’instabilite  mais  sa  tendance  4 
diverger  ou  au  contraire  4  s’amortir,  par  I’intermediaire  de 
K,  sa  frequence  et  la  repartition  relative  des  amplitudes. 


2.1.1.  Stabilite  statique 

La  stabilite  statique  s’interesse  4  la  naissance 
spontanee  et  au  developpement  initial  di-  I’instabilite,  elle 
est  done  caracterisee  par  de  tris  faibl»  .>  amplitudes  des 
oscillations  autour  du  regime  permanent  initial.  Le  fait  de 
ronsiderer  de  tres  faibles  amplitudes  a  une  repercussion 
immediate  sur  I’analyse  theorique  de  la  stabilite 
puisqu’elle  conduit  4  decomposer  toute  grandeur -F  en 
une  composante  stationnaire  ou  moyenne,  V,  qui  est  ceile 
definie  par  le  regime  permanent,  et  une  perturbation 
caracteristique  de  I'instabilite  et  done  instationnaire  :• 

fTfvr)-  FfF)+F(r?:(-;  ,  (2.1) 

o4  \F'/?\«'i 

A  cette  hypothise  de  base  correspond  la  possibi''*e 
de  lineariser  les  equations  decrivant  le  problime  qui  sont 
principalement  de  nature  aerothermochimique  et  done 
fortement  non-lineaires.  Cette  linearisation  conduit  4  ne 
retenir  dams  les  produits  de  grandeur  que  les  termes  du 
premier  ordre  pour  les  perturbations,  c’est-4-dire  4  ecrire  :• 


Un  mode  lineaire  sera  dit  stable  si  «<<  0,  instable 
si  «>  0,  Le  mode  sera  considere  comme  marginalement 
stable  si  o(  est  autour  de  zero  ;  la  SNPE  utilise  plutdt  la 
terminologie  ’’mode  4  risque"  si 

-0/1  f  <»<<  *0/1  f  (2“*) 

Lorsque  i’amplitude  d’un  mode  lineaire  atteint  un 
certain  niveau,  i’anaiyse  lineaire  devient  insuffisante  et  ce 
sont  les  methodes  signaiees  pour  la  stabilite  dynamique 
qu’il  convient  d’utiliser.  La  transition  entre  lineaire  et  non- 
lineaire  ne  peut  etre  rigoureusement  definie  ;  experimen- 
talement  elle  se  manifeste  par  un  changement  de  I’amplifi- 
cation  dans  le  temps  et  une  divergence  de  la  forme  des 
signaux  oscillatoires  par  rapport  4  la  sinuso'ide  pure. 

2. 1.2.  Sialiilite  dynamique 

La  stabilite  dynamique  vise  le  comportement 
asymptotique  du  moteur  4  la  suite  d’une  destabilisation 
provoquee  mettant  en  jeu  des  amplitudes  eievees.  Le 
comportement  du  moteur  au  cours  du  temps  ne  peut  plus 
se  rlsumer  4  une  frequence  complexe  et  ceci  pour  deux 
raisons  :■ 


(2.2) 
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la  destabilisation  est  rarement  harmonique  et  la 
frequence  fondainentale  peut  varier  au  fiir  et  ^  mesure 
de  I’organisation  de  I’instabilite  non-lineaire, 

-  les  signaux  de  fortes  amplitudes  presentent  generalemcnt 
un  fort  contenu  frequentiel  et  peuvent  m4me  degenerer 
en  fronts  raides  ou  en  ondes  de  choc. 

A  cette  complexite  s’ajoute  la  possibilite  des 
grandeurs  stationnaires  de  s’ecarter  notablement  des 
valeurs  du  regime  permanent,  la  notion  de  stationnaire 
recouvrant  alors  celle  de  moyenne  temporelle  sur  un 
nombre  entier  de  periodes. 

Les  methodes  lineaires  sont  en  defaut  dans  le  cas 
de  I’instabilite  dynamique  mais  on  peut  leur  donner  un 
prolongement  par  des  developpements  depassant  le 
premier  ordre  des  perturbations.  On  peut  aussi  recourir  It 
I'integration  numerique  des  equations  aux  deiivees 
partielles. 

II  n’est  pas  possible  d’opposer  stabilite  statique  et 
stabihte  dynamique  qui  representent  au  comraire  deux 
aspects  d’lin  mSme  phenomine  general.  Un  moteur  peut 
s’averer  stable  statiquement  et  instable  dynamiquement  en 
pratique.  La  figure  2  est  classique  et  illustre  un  tel  type  de 
situation  conduisant  ^  un  cycle  limite  c’est-.Vdire  i  la 
stabilisation  des  amplitudes  par  des  effets  non-lineaires. 
De  maniere  schematique,  la  derivee  temporelle  d’une 
amplitude  caracteristiquet?  d’un  mode  simple  est  portee 
en  fonction  def.  La  portion  AA’  de  la  courbe  tracde  peut 
4tre  ddcrite  par ; 


‘if  =  k£: 

(2.5) 

er  c  c<*;<p('t<  b) 

(2.6) 

elle  ddcrit  done  bien  une  instability  .inyaire. 


Figure  2  -  Componemenl  schymalique  tfun  mode  simple 
en  fonction  de  I'amplitude 


En  raison  des  non-linyarity$  dans  les  mycanismes 
d’entretien  ou  d’amortissement  de  I’instability,  la  courbe 
est  supposye  prendre  une  ermrbure  nygative  de  A’  y  B 
puis  positive  de  B  y  C.  Toute  situation  de  ddpart  comprise 
entre  A  et  C  conduit  au  point  B  oh  I'amplitude  restera 


constante  et  qui  correspond  y  un  cycle  limite  accessible 
soil  par  instability  spontanye,  linyaire  puis  non-Iinyaire, 
soit  par  une  dystabilisation  importaiite  suivie  d’un  amortis- 
sement  non-Iindaire.  Le  point  C  ne  reproduit  aucune 
situation  stabilisde  puisqu’on  tend  toujours  y  s’en  dcarter. 
II  est  bien  entendu  possible  d’envisager,  selon  la  mSme 
approche,  des  formes  de  courbe  qui  traduiraient  un 
amortissement  linyaire  joint  y  un  comportement  non- 
linyaire  conduisant  ou  non  y  un  cycle  limite. 

2.1.3.  Remarque  sur  les  dchelles  de  temps 

Les  moteurs  y  propergol  solide  possbdent  la 
particularity  d’ytre  des  moteurs  y  gdomytrie  variable 
puisque  le  volume  occupy  par  les  produits  de  combustion 
croit  avec  la  rygression  de  la  surface  de  combustion.  On 
pourrait  done  supposer  que  le  fonctionnement  est  toujours 
instationnaire.  En  ryality,  quelques  considyratiomi  d’ordres 
de  grandeur  permettent  de  simpliBer  le  problbrne  :■ 

■  le  temps  de  fonctionnement  est  gynyralement  supyrieur 
de  trois  ordres  de  grandeur  y  la  pdriode  de  I’instability, 

-  la  Vitesse  de  rygression  de  la  surface  (vitesse  de 
combustion  du  propergol)  est  gynyralement  infyrieure  de 
trois  ordres  de  grandeur  y  la  vitesse  des  produits  de 
combustion  ymis  de  la  surface. 

II  est  done  lygitime,  pour  I’analysc  des  instabilitys, 
de  considyrer  fixe  la  gyomytrie  du  chargement,  dybitante 
la  surface  de  combustion  et  constantes  les  grandeurs 
stationnaires  (en  rygime  linyaire).  L’analyse  des  insta- 
bilitys  doit  Stre  en  consyquence  rypytye  f«ur  diffyrents 
temps  de  fonctionnement  ou  diifyrentes  ypaissi,urs  brfliyes 
de  propergol,  ce  qui  pose  des  contraintes  pratiques 
limitant  la  sophistication  des  moyens  de  pryvision  d’usage 
courant. 

2.1.4.  Remarque  sur  les  ychelles  d’espace 

Le  systyme  de  flammes  au-dessus  de  la  surface  de 
combustion  d’un  propergol  solide  possdde,  dans  les 
conditions  normales  de  fonctiormement,  une  hauteur 
infyrieure  au  1  mm  et  done  gynyralement  Uis  infyrieure 
y  une  dimension  caractyristique  du  moteur.  Vis-y-vis  de 
■’instability  qui  intyresse  tout  le  volume  de  la  cavity,  la 
tentation  est  grande  de  considyrer  que  le  phynomine 
d’ensemble  comme  un  phynomine  de  champ  essentiel- 
lement  ayrodynamique  soumis  y  des  conditions  limites 
pilotyes  par  la  combustion.  Cette  vision  amine  y  repry- 
senter,  en  premiire  approximation,  une  instability  par  une 
boucle  fermye,  au  sens  des  automaticiens  (fig.  3).  L’appa- 
rition  de  phynomines  instationnaires  dans  I’ycoulenient  de 
cavity  modifie  la  vitesse  de  combustion  du  propergol,  le 
changement  de  vitesse  de  combustion  ryagit  y  son  tour  sur 
rycoulement  instationnaire  et,  pourvu  que  les  gains  et  les 
dyphasages  soient  adaptys,  la  boucle  est  instable. 


Figure  3  -  Boucle  rfinstability 
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Cette  decomposition  posside  I'avantage  de  la 
simplicite  et  de  la  separation  des  disciplines  scientifiques. 
Bile  se  trouve  cependant  en  defaut  sur  au  moins  deux 
points  ;• 

'  si  le  propergol  posside  une  charge  metallique,  la 
combustion  de  cette  charge  se  produit  plutOt  en  volume 
qu’en  surface.  Pour  I’aluminium  par  example  et  certains 
moteurs,  le  probieme  est  souvent  evoque  de  savoir,  dans 
les  premiers  instants  du  fonctionnement,  si  tout  I’alu- 
minium  a  brdie  avant  son  ejection  par  la  tuyere.  La 
question  de  I’influence  de  la  combustion  distribuee  de 
I’aluminium  se  pose  egalement  pour  la  stabilite, 

-  certains  phenomenes  de  couplage  entre  dcoulement  et 
combustion  ne  permettent  pas  une  separation  aussi 
tranchee.  Cest  le  cas  de  la  combustion  erosive  en 
stationnaire  et  du  couplage-vitesse  en  instationnaire. 

2.2.  Description  theorique  des  instabilites  de  combustion 

La  description  theorique  des  instabilites  de 
combustion  n’est  pas  independante  de  la  nature  des 
mesures  qui  peuvent  etre  rdalisees  sur  moteur.  Le  milieu 
&  etudier  est  particuliirement  hostile  t  pression  eievde, 
temperature  des  produits  de  combustion  depassant 
couramment  3000  K,  phases  condensees  (propergols 
metallises),  geometrie  evoluant  au  cours  du  temps, 
experimentation  requerant  des  installations  spedalisees 
pour  des  raisons  de  securite,  etc...  L'instrumentation 
classique  est  done  limitee  <t  la  mesure  de  pressions 
statiques  sur  la  paroi  du  propulseur,  elle  permet  d’acceder 
aux  frequences,  aux  amplitudes  et  aux  dephasages  de 
pression.  II  n’est  pas  par  centre  possible  de  mesurer 
simplement  d’autres  grandeurs  de  champ  telles  que  la 
vitesse.  Cette  limitation  de  l'instrumentation  sur  moteur 
it  deux  consequences  ;• 

-  elle  tend  a  priviiegier  le  rdle  de  la  pression  dans  la 
comparaison  theorie-experience  bien  que  cette  grandeur 
n’apparaisse  pas  a  posteriori  la  plus  significative ;  I'etude 
des  phenomenes  d’interaction  entre  champs  stationnaire 
et  instationnaire  montre  en  particulier  qu’un  champ  de 
pression  instationnaire  proche  du  champ  acoustique 
eiementaire  peut  etre  associe  a  un  champ  de  vitesse 
instationnaire  tr^s  eioigne  du  champ  acoustique  associe 
(paragraphe  3.1.1), 

-  elle  contraint  a  une  demarche  intellectuelle  speculative 
pour  la  comprehension  fine  des  phenomines  de  champ. 

II  existe,  pour  les  objectifs  de  recherche,  des 
possibilites  en  nombre  limite  d’accis  a  d’autres  grandeurs 
physiques.  La  premiere  voie  est  celle  de  la  simulation 
gazeuse  et  intdresse  uniquement  les  phenomenes  d’origine 
aerodynamique  ;  elle  consiste  a  reproduce  I’ecoulement 
dans  la  cavite  du  moteur  par  I’injection  au  travers  d’une 
paroi  poreuse.  Cette  technique,  utilisee  par  de  nombreux 
cbercheurs  pour  I’etude  de  I’ecoulemeot  stationnaire,  a 
egalement  donne  lieu  a  quelques  travaux  visant  les 
phenomenes  aerodynamiques  instationnaires  (rdf.  12  et 
13).  Les  resultats  obtenus  sont  predeux  d’un  point  de  vue 
qualitatif,  peut  etre  un  peu  plus  limites  d’un  point  de  vue 
quantitatif  en  raison  de  certaines  limitations  de  similitude 
entre  ecoulements  reel  et  simuie,  de  mesure  et  de  reprd- 
sentativite  de  la  surface  poreuse  par  rapport  a  la  surface 
de  combustion  du  propergol.  Une  autre  voie  de  recherche, 
assez  peu  suivie,  est  la  visualisation  de  I’ecoulement  sur 
une  chambre  a  parois  transparentes.  La  figure  4  illustre  un 
rdsultat  ddja  anden  obtenu  a  I’ONERA  sur  un  petit 
montage  dquipd  d’un  chargement  a  encoches  (rdf.  14).  Le 
film  montre  I’existence  de  lignes  sombres  et  instables  dmis 
dM  angl«  du  chargement,  laissant  supposer  I’existence 
d’instabilitds  hydro^mamiques.  Les  informations  recueil* 
lies  par  cette  technique  sont  uniquement  qualitatives  et 


sujettes  a  caution  puisque  la  visualisation  favorise  I’obser- 
vation  des  phdnomdnes  se  produisant  prds  du  hublot. 


Figure  4  -  Visualisation  sur  chambre  i  voyants 


2.Z1.  Classement  des  inodes  d’instabilitds 

A  une  frequence  d’instabilitd  correspond  direc- 
tement  une  longueur  d’onde  donnde  par 

A=  (2.7) 

oh  a  est  la  edidritd  du  son  dans  les  produits  de 
combustion.  La  comparaison  de  A  et  d’une  dimension 
caraetdristique  L  du  moteur  permet  de  faire  apparaitre 
deux  types  de  mode  d’instabilitd 

-  si  A  est  trds  supdrieur  a  L  et  si  I’dcoulement  station- 
naire  dans  la  cavitd  est  a  faible  nombre  de  Mach,  le 
mode  d’instabilitd  est  un  mode  en  volume, 

•  si  A  est  de  i’ordre  de  L  ou  infdrieur,  le  mode  est  rdputd 
acoustique  e’est-a-dire  organfsd,  conformdment  aux 
mesures  de  pression,  au  voisinage  d’un  mode  acoustique 
de  cavitd. 

Un  mode  de  volume  se  manifeste  par  des  oscil¬ 
lations  de  pression  qui  ont  mdme  amplitude  et  mSme 
phase  en  ebaque  point  de  la  cavitd  aJors  qu’un  mode 
acoustique  fait  apparaitre  une  structure  de  mode  caraetd- 
risde  par  une  rdpartition  des  amplitudes  et  des  phases. 

La  classification  des  modes  acoustiques  d’instabilitd 
suit  celle  des  modes  acoustiques  de  cavitd.  Au  champ  de 
pression  acoustique  de  cavitd  est  associd  un  champ  de 
vitesse  acoustique  et  suivant  les  composantes  de  vitesse 
acoustique  on  distingue  des  modes  ; 

•  longitudinaux ;  si  la  vitesse  acoustique  ne  possdde  qu’une 
composante  suivant  I’axe  du  moteur, 

-  radiaux  ;  si  la  vitesse  acoustique  est  dans  un  plan 
perpendiculaire  d  I’axe  du  moteur  et  intercepte  cet  axe, 

-  tangentiels  •:  si  la  vitesse  acoustique  est  dans  un  plan 
perpendiculaire  d  I’axe  du  moteur  sans  composante 
radiale, 

-  coupids  si  la  vitesse  acoustique  possdde  plusieurs 
composantes. 

L’existenee  de  modes  acoustiques  puts,  e’est-d-dire 
d  une  seule  composante  de  vitesse  acoustique,  n’est 
possible  que  dans  une  cavitd  cylindrique.  Pour  des 
gdomdtriesde  cavitd  plus  complexes  et  plus  rdalistes,  les 
modes  adoustiques  sont  toujours  des  modes  coupids. 
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Remarque  suf  la  classification  des  modes  acoustiques 

La  classification  traditionnelle  des  modes  acous¬ 
tiques  d’instabiliti  est  une  double  source  de  confusion. 

La  premiire  confusion  consiste  &  assimiler  mode 
acoustique  d’instabilitd  et  mode  acoustique  de  cavitd  aiors 
que  ta  denomination  acoustique  ne  traduit  qu’une  proxi- 
mite.  En  fait,  dans  une  cavite  ^lindrique,  il  pent  exister 
des  modes  longitudinaux  de  cavite  mais  tes  modes  d’insta- 
bilite  correspondants  impliqueront  des  mouvements  it  ia 
fois  longitudinaux  et  radiaux  (paragraphe  3.1.1.). 

L’autre  confusion  porte  sur  la  description  du  mode 
d’un  point  de  vue  physique  et  la  fa^n  dont  sont  traitees 
les  equations,  de  maniere  plus  ou  moins  simplifiee,  et  bien 
qu’il  existe  certaines  correspondances.  L’espace  physique 
comporte  trois  dimensions  et  les  equations  locales  de  base 
sont  decrites  suivant  une  dimension  de  temps  et  les  trois 
dimensions  d’espace.  Les  reductions  des  equations 
generales  peuvent  etre  etablies 

-  par  integration  sur  le  volume  complet  de  la  cavite  :  des 
equations  differentielles  ordinaires  sur  le  temps,  dites 
zerouimensionnelles  (OD),  sont  obtenues  ;  ce  sont 
typiquement  celles  utilisdes  pour  decrire  les  modes  de 
volume, 

-  par  integration  sur  la  section  perpendiculaire  it  I’axe  de 
la  cavite  ;•  des  equations  dependant  du  temps  et  de 
I'abscisse,  pour  des  grandeurs  moyennes  sur  une  section 
sont  obtenues.  On  parle  aiors  d’ecoulement  par  tranches 
ou  de  resolution  par  equations  monodimensionnelles 
(ID).  Cette  approche  est  souvent  utilisee  pour  la 
description  des  instabilites  dans  un  moteur  dont  le  canal 
est  cylindrique.  De  nombreux  problimes  theoriques 
U'ouvent  leur  origine  dans  le  traitement  ID  des  insta¬ 
bilites  car  la  moyenne  realisee  sur  une  section  gomme 
tous  les  phenomines  se  developpant  radialement. 

n  faut  done  en  definitive  qualifier  les  modes 
d’instabilites  par  les  adjectifs  acoustiques  it  partir  de  la 
predominance  du  mouvement  instationnaire  dans  une  ou 
plusieurs  directions,  predominance  par  ailleurs  prdsup- 
posee  ou  etablie  it  partir  de  la  frequence  observee.  Les 
denominations  etablies  dans  cet  esprit  se  retrouvent  sur  la 
figure  5  qui  donnent  quelques  modes  d’instabiUte 
frequemment  rencontres. 

2.2.2.  Analyse  lineaire  de  la  stabilite 

L’analyse  lineaire  de  la  stabilite  commence  par  la 
determination  des  modes  potentials  d’instabilite.  Cette 
determination  n'est  pas  possible  pour  les  modes  de 
volume  independamment  de  ia  reponse  instationnaire  du 
propergol  (paragraphe  4.1.1.).  On  envisagera  done  id  le 
seui  cas  des  modes  acoustiques  d'instabilite  ;  pour  ceux- 
d  il  s’avire  rdaliste  de  calculer  une  premiere  appro¬ 
ximation  des  frequences  par  les  modes  acoustiques  de  la 
cavite  constituee  par  la  surface  de  combustion,  les  parois 
du  propulseur  et  une  surface  de  fermeture  dans  la  tuyere. 
Le  calcul  s’efredue  dassiquement  avec  les  hypotheses 
suivantes  :• 

-  parois  rigides, 

■  Vitesse  du  son  uniforme, 

-  propagation  dans  un  milieu  au  repos. 

Les  equations  derivent  directement  par  lineari¬ 
sation  des  equations  plus  generales  de  la  mdeanique  des 
fluides.  Le  probieme  acoustique  se  ramene  i  (’equation 
d’Helmoltz : 


Cavite  cylindrique  mode  longitudinal 


Cavite  axisymetnque  nxxte  longiludinal  -  ludial 

Figure  5  -  Quelques  modes  d'instabilite  acoustique  simples 
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(2.8) 


oil  0)  apparalt  comme  valeur  propre. 

Des  solutions  analytiques  peuvent  etre  obtenues 
pour  des  cavites  de  geometries  tres  simples  (tylindre 
circulaire,  paralieiepi^de)  ;  pour  des  cavites  plus 
complexes,  il  faut  recourir  au  calcul  numerique,  par 
example  aux  elements  finis  (frg.6).  On  notera  que  le 
probldme  mathematique  peut  etre  pose  sous  forme 
adimensionnee  et  que  des  pulsations  reduites  sont  aiors 
calcuiees : 

Jls  Sttk  (2.9) 

Cette  propriete  est  utilisee  pour  determiner 
experimentaiement  les  frequences  de  cavite  par  I’interme- 
diaire  d’une  maquette  rigide  reproduisant  le  moteur  i  un 
instant  de  son  fonctionnement  et  soumise  &  une  excitation 
forcee,  par  exemple  par  rintermediaire  d’un  haut-parleur. 
Un  mode  de  cavite  est  mis  en  evidence  par  un  maximum 
de  I’amplitude  du  signal  d’un  microphone  ou  d’un  capteur 
de  pression  lorsque  la  frequence  varie.  Calcul  numerique 
et  methode  experimentale  donnent  des  'rdsultats  en  bon 
accord,  c’est-lt-dire  une  suite  discrete  theoriquement 
infinie  de  frequences  e't  de  modes  acoustiques  de  cavite. 


I 

Solution  numinque 
Fr^ences,  rdpaitilions  d  amplitude 


Figure  6  ■  Determination  des  modes  de  cavite 


L’approximation  des  frequences  d’instabilitd 
potentielle  par  les  frequences  acoustiques  de  cavite  est 
souvent  excellente.  Elle  pose  toutefois  quelques  probiemes 
specifiques  souvent  passes  sous  silence  et  qui  sont  direc- 
tement  lids  aux  hypotheses  de  depart  :■ 

-  choix  de  la  surface  de  fermeture  dans  la  tuydre  :•  la 
theorie  impose  de  choisir  cette  surface  dans  une  zone  oh 
le  nombre  de  Mach  moyen  reste  trds  inferieur  h  1.  Si  la 
tuyere  est  integrec,  le  nombre  de  Mach  h  I'entree  de  la 
tuyere  est  proche  de  0,3  et  il  est  conseilie  de  choisir  le 
plan  de  fermeture  dans  la  section  d'entree  de  la  tuyere 
(voi''  P'jssi  paragraphe  3.I.3.I.), 

-  parois  rigides  :  les  ondes  mdcam'ques  se  traismettent 
dgalemcnt  dans  le  chargement  et  il  faut  envisager  la 
possibilite  de  vibrations  acousto-dlastiques.  Cette  possi- 
bilite  a  ete  prouvde  thdoriquement  dans  diffdrents  cas  en 


considerant  un  chargement  eiastique.  Cependant  le 
couplage  acoustico-eiastique  ne  se  produit  que  dans  des 
circonstances  exceptionnelles  et  le  propergol  posshde 
plutOt  un  comportement  visco-dlastique  qu’dlastique.  On 
peut  done  penser  qu’un  couplage  reste,  dans  les 
conditions  normales  d’utilisation,  peu  probable  et 
compte-tenu  de  la  dissipation  visco-eiastique  du 
propergol,  peu  propice  h  I’entretien  des  instabilit^s.  Des 
experiences  comparatives  rialisees  sur  maquettes  rigides 
et  souples,  en  maieriau  polymfere,  n’ont  pas  en  outre  mis 
en  evidence  d’ecarts  signiiicatifs  de  frequence, 

-  Vitesse  du  son  uniforme  cette  hypolhise  peut  6tre 
remise  en  question  si  la  charge  metdiique  du  properpi 
brOle  dans  une  fraction  notable  du  volume  de  la  cavite. 
Par  chance,  la  ceierite  du  son  dans  les  produits  de 
combustion  de  la  matrice  du  propergol  (composants  du 
propergol  h  I’exception  de  la  charge  metallique)  reste, 
par  le  jeu  des  masses  molaires,  voisine  de  la  ceierite 
du  son  dans  les  produits  de  combustion  du  propergol 
complet.  L’influence  des  heterogeneites  de  la  ceierite  du 
son  sur  les  frequences  n’est  done  pas  importante  pour  la 
majorite  des  moteurs.  Le  seui  contre-exemple  k  signaler 
est  celui  d’un  montage  d’etude  possedant  un  volume 
mort  au  fond  avant  dont  la  temperature  ne  s’equilibrait 
pas  avec  celle  des  produits  de  combustion, 

-  milieu  au  repos  :  cette  hypothese  est  raisonnable  pour 
les  moteurs  classiques,  notamment  aprhs  le  debut  du 
fonctionnement.  Elle  est  par  contre  en  defaut  dans  le  cas 
du  moteur  sans  tuyire  puisque  I'ecoulement  dans  le 
canal  du  chargement  atteint  le  supersonique 
(paragraphe  4.2). 

Les  modes  potentiels  d’instabilite  etant  determines 
par  leurs  frequences,  il  s’agit  maintenant  d’etudier  la 
stabilite  lineaire  de  chacun  d’entre  eux.  La  methode  la 
plus  utilisee  est  celle  du  bilan  acoustique,  mise  sous  une 
forme  achevee  par  F.E.C.  Culicic,  d’abord  pour  une 
description  monodimensionnelle  de  I’ecoulement  (ref.  15) 
puis  pour  une  description  multidimensionnelle  (ref.  16). 
Comme  cette  methode  est  maintenant  bien  connue,  seule 
la  demarche  sera  rappeiee  et  commentee. 


Les  equations  de  continuite,  dc  quantite  de 
mouvement  et  d’hnergie  sont  d’abord  ecrites  pour  la  phase 
gazeuse  et  la  phase  condensee,  assimiiee  k  un  milieu 
continu  en  interaction  avec  la  phase  gazeuse  et 
echangeant  quantite  de  mouvement  et  energie  (trainee  des 
particules  et  transfert  thermique  entre  gaz  et  particules). 
Aprhs  quelques  transformations,  il  vient  :• 


*  U.  -  a 

Pm^  Vp=  (TFV 


(2.10) 


oil  p  est  la  pression, 

r.  et  Cv.  sont  la  constante  du  gaz  equivalent  et  sa 
chaleur  massique  k  volume  constant, 

IT  est  la  Vitesse  du  gaz, 

p.  est  la  masse  volumique  du  melange, 

est  la  force  de  trainee  exercee  par  le  gaz  sur 
les  particules  par  unite  de  volume, 

TOf  est  la  puissance  thermique  transmise  du  gaz 
aux  particules  par  unite  de  volume. 


La  linearisation  des  equations  n’est  possible  qu’en 
utilisant  deux  paramitres  de  perturbations  •;  f  pour 
I’amplitude  des  oscillations  et  M  nombre  de  Mach  de 
I’ecoulement  stationnaire  du  gaz  equivalent.  Le  champ 
stationnaire  n’est  dderit  qu’au  premier  ordre  de  SI.  Une 
equation  d'onde  est  etablie  pour  la  perturbation  p’  de 
pression,  puis  supposant  un  phenomine  stationnaire 
organise  sur  la  frequence  complexe  «  =  2trf-i»<  on 
parvient  k  :• 
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Ab  -t-  pah  dans  la  cavit<, 

e  ^  (2.11) 

®Je  5,  -  F  sur  la  surface, 

■^n 

oii  h  ^ 

-p  (u.^S  *  S.^S)  (2.12) 

F  a  Cfc)p^  ) 

Cette  Equation  et  sa  condition  limite  peuvent  £tre 
rapprochies  de  celles  d^crivant  le  ph6nomine  acoustique 
de  cavit6  (2.8).  line  combinaison  des  Equations  (2.8)  et 
(2.11)  suivie  d’une  integration  sur  le  volume  V  de  la 
caviti  de  surface  S,  conduit,  apris  quelques  simplifica¬ 
tions  resultant  des  ordres  de  grandeur,  it  I’expression 
directe  de  a>  par  ;• 

^*~o3  g*  *  _  ((S*  M  )  Sf  4dd 

a*  •*  ^ 

-  r f  S^PMa-u- ,  (2.13) 

Jv  ^  -'V 

Ob: 

A  est  I'admittance  de  surface  ^  , 

M  est  le  Mach  d'injection  ou  oe  succion  en 
surface. 

II  est  important  de  signaler  la  simplification  :• 

u  et  ta  A — (2-M) 

Cette  simplification  annule  les  produits 
)a3  et((g;,5)„B-).^p„  ,  issus  du  developpe- 
ment  et  de  la  linearisation  du  terme  Zf.^u  des  equations 
(2.10)  et  (2.12),  et  fait  done  disparaitre  toute  trace  de 
vorticite  des  ecoulements  ! 

La  separation  des  parties  reelle  et  imaginaire  de 
(2.13)  conduit  it  I’expression  de  I’amplification  •<  sous 
forme  additive,  pourvu  que  u<ca> 

0^  -  +  o<n 

oQ  ,  (2.16) 

Ja. 

terme  ^  la  r^ponse  du  propergol  au  couplage 

pression^ 

^  ,  (2.17) 

JSt 

terme  correspondant  au  rayonnement  et  b  la 

convection  des  ondes  acoustiques  dans  la  tuybre, 

(2.18) 

Jv 

terme  dependant  des  echanges  entre  phases. 

D'autres  termes  sont  souvent  introduits  en  supplement. 
Les  plus  classiques  sont  le  terme  lie  au  couplage-vitesse  et 
le  terme  de  "Flow  Turning"  qui  represente  I’energie 
acoustique  dissipee  par  recoulement  ends  de  la  surface  de 
combustion  pour  acquerir  la  vitesse  acoustique  locale. 


(2.19)  (ref.  16) 


ob  est  lie  it  L4  en  ecoulement  nonophaslque. 

La  methode  du  bilan  acoustique  conduit  b  utiliser 
la  relation  acoustique  (2.14)  et  donne  done  une  integrate 
ob  apparalt  le  carre  du  gradient  de  pression  acoustique  et 
correspondant  b  une  perte  acoustique. 

L’extension  au  tridimensionnel  proposee  par 
F.E.C.  Culik  (ref.  16)  est  fondee  sur  la  prise  en  compte  de 
I’incidence  des  ondes  acoustiques  vis-b-vis  de  la  surface  de 
combustion,  ce  qui  n’est  pas  sans  poser  un  problime  de 
definition  dans  le  cas  d’un  mode  acoustique  stationnaire. 
Le  problbme  du  "Flow  Turning"  a  egalement  ete  examine 
en  detail  par  W.K.  Van  Moorhem  (ref.  17)  qui  aboutit  b 
des  interrogations  d’ordres  physique  et  mathematique. 

Les  remarques  suivantes  peuvent  etre  avancees 

-  la  notion  de  "Row  Turning"  tente  de  decrire  globalement 
et  de  manibre  approchee  I’adaptation  du  champ  insta- 
stionnaire  prbs  de  la  surface  de  combustion  au  champ 
acoustique  de  cavite,  que  ce  soit  en  description  monodi- 
mensionnette  ou  tridimensionnelle, 

-  la  demarche  mathematique  contraint  b  utiliser  une 
relation  acoustique  qui  suppose  le  champ  instationnaire 
irrotationnel. 

Tout  le  problime  du  "Row  Turning"  tient  done  au 
paradoxe  qui  est  illustre  par  la  figure  7  et  qui  est 
intimement  lie  b  la  representation  du  mode  d’instabilite 
par  un  mode  acoustique  pris  de  la  surface  de  combustion. 
Le  mode  acoustique  est  par  nature  irrotationnel  et 
correspond  done  b  une  condition  de  glissement  sur  la 
surface.  La  physique  de  la  combustion  impose  quant  b  elle 
que  les  produits  de  combustion  soient  emis  perpen- 
diculairement  b  la  surface  de  combustion,  par  simple 
application  du  thiorime  des  quantitis  de  mouvement.  II 
doit  done  exister  une  zone  d’adaptation  possidant  un 
caractire  fotationnel  ob  la  vitesse  acoustique  subit  une 
transition  et  qui  fait  passer  le  mouvement  instationnaire 
de  normal  b  parallile  b  la  surface. 


Modedecaviti  irrolatxinnel 


Le  terme  de  "Row  Tbming"  du  bilan  acoustique 
est  digagi  rationnellement  des  iquations  monodimension- 
nelles  et  est  directement  li6  au  choix  de  la  composanie 
longitudinale  u^  de  vitesse  des  produits  imis  par  la  surface 
de  combustion  ;  il  s’exprime  proportionnellement  b 
I’intigrale : 


Mode  cfinslablliti .  rotatlonnel 


Figure  7  ■  Un  mode  acoustique  de  caviti  donne  t  -  il  une  .-tnne 
reprisenlation  du  mode  efinslabilite  pris  de  la  surface 
de  combustion  ? 


-:r  t' 
.  4- 


‘  J- 
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Ce  paradoxe  est  igalement  lii  d  la  definition 
precise  de  la  position  de  la  surface  de  contrdle  detimitant 
ie  volume  oil  est  realise  le  bilan  acoustique  et  sa  reso¬ 
lution  donne  lieu  it  deux  approches  (para^aphe  3.1.1.) 

-  soit  cette  surface  est  deiinie  &  la  ffontiere  exterieure  de 
la  zone  d’adaptation,  ce  qui  suppose  implicitement  cette 
zone  suffisamment  fine,  et  des  conditions  iimites 
modifiees  sont  introduites  sur  cette  surface  c’est  la 
theorie  de  la  couche  limite  acoustique, 

-  soit  cette  surface  est  definie  immediatement  apris  la 
zone  de  combustion  et  sur  la  frontiere  interieure  de  la 
zone  d’adaptation,  ce  qui'  impose  une  description 
rotationnelle  du  champ  instationnaire. 

2.2.3.  Analyse  non-lin^aire  de  la  stability 

L’analyse  non-lin^aire  de  la  stabilitd  a  donn£  lieu 
depuis  dix  ans  <1  de  nombreux  travaux  qu’il  est  possible  de 
classer  en  deux  categories  :• 

-  les  travaux  se  situant  dans  le  prolongement  direct  du 
bilan  acoustique,  utilisant  une  formulation  analytique  du 
problime  et  le  recours  ultime  au  calcul  numerique, 

-  les  travaux  reposant  sur  le  traitemem  numerique  des 
equations  de  la  mecanique  des  fluides. 

Ces  travaux  peuvent  aussi  etre  decomposes  suivant 
les  objectifs.  Certains  d’entre  eux  visent  plutdt  &  degager 
les  phenomines  fondamentaux  importants  qui  contrdlent 
I’instabilite  non-lineaire  c’est  par  example  Ic  cas  de  la 
methode  de  r’'Averaging’'  qui  uxplique  la  saturation  du 
niveau  d’une  instabilite  d’abord  lineaire  par  un  couplage 
de  modes.  D’autres  travaux  s’interessent  en  priorite  it  la 
stabilite  dynamique,  par  example  ceux  portant  sur  le 
traitement  numerique  monodimensionnel.  O’autres  enfin 
cherclient  it  concilier  I’aspect  fondamental  et  I’aspect 
applique  et  sont  illustres  par  les  examples  du  paragraphe 
4.3. 

2.2.3.I.  Prolongement  du  bilan  acoustique 

Le  principe  conceptual  des  approches  non-lineaires 
derivees  du  bilan  acoustique  peut  etre  resume  comme  suit 
(ref.  18)  r  le  couplage  de  mode  est  le  phenomena  par 
lequel  des  modes  d’amplitudes  finies  interagissent  pour 
produire  un  changement  d’amplitude  des  modes  isoies. 
Lorsqu’un  mode  initialement  lineaire  crott  en  amplitude, 
les  effets  non-lineaires  vont  amener  un  transfert  partial  de 
son  energie  vers  d’autres  modes,  I’autorisant  ainsi  e 
evoluer  vers  une  amplitude  stabilisee  (cycle  limite). 

I.a  demarche  mathematique  a  fait  I’objet  de 
nombreuses  publications,  notamment  des  chercheurs  du 
Caltech  et  de  Penn  State  University  (rdf.  19  i  23).  Elle  ne 
sera  que  rappeiee  ici. 

Les  grandeurs  sont  developpees  par  une  methode 
de  perturbation  du  type  :• 

p  St  ^  -tyit'RCP)  f-)  , 

u  *£  S'CP,  !■;  y  (2.20) 

otyU.  est  un  paramitre  caracteristique  de  I’ecoulement 
stationnaire  et£  un  parametre  mesurant  I’amplitude  des 
oscillations.  Par  developpement  des  equations  de  base, 
une  equation  d’onde  est  formee  comme  pour  I’analyse 
lineaire 

oil  h''  est  maintenant  developpe  au  second  ordre. 


La  solution  de  cette  equation  est  exprimee  par  une 
somme  des  modes  acoustiques  de  cavite  ponderes  par  des 
fonctions  du  temps  :• 

p'fiv  f)  «  pi  ^  FV.fP')  (?y?) 

Les  fonctions  ^(t)  sont  exprimees  par  ;■ 

7„(V)  =  A«('r)ain(A>Ht-)-v  Bs(t-)<»s(4>Mt-)  (2.23) 

et  I’integration  est  realisee  sur  une  periode  du  mode 
fondamental,  en  supposant  des  variations  ‘lentes"  de  An  et 
Bn  dans  le  temp^  pour  donner  des  equations  diffe- 
rentielles  ordinaires  du  type  :• 

‘3'lSt|=:»<NA„+|Sv4Bu+  (termes  quadratiques  en  An,  Bn) 

^  (2.24) 

(termes  quadratiques  en  An,  Bn) 

Les  solutions  des  equations  differentielles  non- 
lineaires  sont  rechercbees  analytiquement  ou  numeri- 
quement. 

Les  developpements  peuvent  etre  pousses  au 
trcisieme  ordre  des  developpements  (ref.  21  et  72)  mais 
le  troisieme  ordre  ne  semble  affecter  que  I’amplitude  du 
cycle  limite  et  le  domaine  de  stabilite  (ref.  21). 

Cette  methode  est  interessante  parce  .qu’elle 
permet  de  pnusser  assez  loin  les  calculs  analytiques  et 
d’en  dominer  parfaitement  la  signification.  Les  obser¬ 
vations  suivantK  doivent  cependant  etre  faites  ; 

'-  representativite  des  modes  d’instabilite  lineaire  par  des 
modes  de  cavite  :  ce  point  a  dej4  ete  evoque  prece- 
demment,  la  representation  n’est  que  partielle. 

-  developpement  aux  ordres  superieuts  des  paramitres  de 
perturbation  i  une  hypothise  doit  etre  faite  sur  les 
ordres  de  grandeur  compares  de^  et  e  pour  conduire 
rationnellement  le  calcul,  ce  qui  conduit  k  restreindre  la 
portee  des  solutions  obtenues. 

•  nombre  de  modes  de  cavite  ;  les  applications  ne 
retiennent  en  general  qu’un  nombre  limite  de  modes 
dont  certains  doivent  etre  lineairement  stables  pour 
qu’un  cycle  limite  puisse  etre  atteint. 

-  developpement  des  phenoroenes  eiementaires  ;  tous  les 
phenomenes  intervenant  dans  la  stabilite  lineaire, 
dissipation  biphasique,  reponse  du  propergol...,  doivent 
recevoir  une  description  aux  ordres  eieves  des  develop¬ 
pements.  Ceci  est  realise  par  example  par 
G.M.HJ.C.  Cadiot  et  A.  Gany  (ref.  24  et  25)  sur  une 
base  entierement  theorique  mais  malheureusement  sans 
possibilite  de  verification  experimentale  autre  que  par 
les  consequences  globales. 

-  evolution  de  la  frequence  du  mode  preeminent  :•  les 
modes  de  cavite  ne  sont  en  progression  arithmetique  que 
dans  le  cas  des  modes  longitudinawt  purs  ce  qui  pose 
probieme  pour  la  moyenne  dans  le  temps  permettant 
d’etablir  les  equations  differentielles  (2.24)  et  rend 
impreds  le  transitoire  d’etablissement  du  cycle  limite, 
sans  doute  un  peu  moins  le  cycle  limite  proprement  dit. 

2.25.2.  Calcul  numerique 

L’integration  des  equations  de  la  mecanique  des 
fluides  permet  en  prindpe  d’eviter  toute  hy^thise 
s;.nplificatrice  et  devrait  conduire  i  terme  &  des  moyens 
d’analyse  et  de  predsion  performants.  La  simulation 
numerique  des  systimes  est  une  activite  en  evolution  tris 
rapide  et  le  trdtement  numerique  des  instabilites  de 
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combustio  i  se  heurte  it  des  difficultds  de  nature  gdndrale 
et  &  des  difficultfs  spddfiques  ; 

-  difficultis  gindrales  :  les  pbinomines  de  type  convectif 
et  de  type  propagatif  doivent  £tre  pris  en  conipte  avec 
un  £gal  soin,  ce  qui  imp'‘que  I’utilisation  de  schdmas 
numiriques  adaptds  et  de  maillage  relativement  raSin^s. 
Les  caractdristiques  instationnaires  du  schema 
numirique  utilisd  doivent  £tre  paifaitement  maitris^es 
pour  que  I’amortissement  des  phinomines  oscUlatoires 
donnd  par  le  calcul  corresponde  bien  au  problime 
physique  traitd  et  non  pas  aux  propridtds  dissipatives  et 
dispersives  du  schima.  Les  mailiages  rafflnis  conduisent 
&  des  temps  de  calcul  dlevfs,  mime  sur  les  ordinateurs 
les  plus  puissants,  et  H  des  coQts  dtevds. 

-  difficultis  spdcifiques  t  Texpirience  et  la  physique 
suggirent  de  resserrer  le  maillage  dans  certaines  zones 
sensibles  telles  que  le  proche  volsinage  de  la  surface  de 
combustion  et  les  angles  vifs  du  chargement.  Deux  types 
de  conditions  limites  foot  I’objet  d'une  attention 
spiciale  :  le  raccordement  de  la  chambre  et  de  la  tuyere 
et  la  surface  de  combustion.  Pour  le  raccordement 
chambre-tuyire,  on  pent,  pour  les  objectifs  de 
recherches,  imposer  une  pression  stat'que  osc^ante  ou 
des  conditions  reproduisant  de  mani&re  approchde  le 
fonctionnement  instationnaire  de  ta  tuyire  ;  pour  des 
applications,  ii  stmble  plus  sain  de  traiter  simultandment 
chambre  et  tuyire  (paragraphe  3.1.3).  La  surface  de 
combustion  pose  te  problime  de  la  mise  au  point  d’un 
modile  permettant  de  calculer  ta  vitesse  instantande  de 
combustion  pour  toute  variation  temporelle  des 
grandeurs  adrodynamiques  locales,  ce  qui  imptique 
I’utilisation  de  mdthodes  numdriques  ;  les  modiles  de 
couplage  pression  non-tindaires,  comme  ceux  rappelds 
dans  ia  rdfdrence  26,  imposent  au  moins,  en  chaque 
point  de  la  surface  de  combustion,  I’intdgration 
numdrique  d’une  dquation  instationnaire  de  conduction 
thermique. 

Les  difGcultds  mentionndes  limitent  actuellement 
les  ambitions  it  deux  classes  de  probiimes  :  la  simulation 
des  instabilitds  non-lindaires  dans  les  gdomdtries 
simplifides  i  i’aide  d’une  description  monodimensionnelle 
et  la  simulation  monophasique  des  instabilitds  non- 
lindaires  d  des  gdomdtries  axisymdtriques.  Le 
traitemen*  ri  jureux  de  gdomdtries  Uidimensionnetles 
rdalistes  i  i  d  lulement  diphasique  ne  semble  pas  encore 
avoir  dtd  aboidd. 

2.23.2.1.  Simulation  monodimensionnelle 

La  simulation  monodimensionnelle  ne  permet  pas 
de  distinguer  les  niveaux  de  description  du  fluide  (non 
visqueux,  visqueux  laminaire,  turbulent)  et  a  donnd  lieu  k 
de  nombreux  travaux  parmi  iesquels  il  faut  citer  ceux  de 
J.D.  Baum,  3.N.  Levine  et  R.L  Lovine  (rdf.  27  k  31)  pour 
deux  raisons  ■:  le  ''oin  appoitd  au  contrdle  du  schdma 
numdrique  et  la  enmparaison  entre  calculs  et  essais.  Les 
e^is  ont  profitd  dg^ement  de  la  mise  au  point  de 
dispositife  de  dd.stabih‘sation  dynamique  aux  caraetd- 
ristiques  b<eo  contrdldes. 

La  qualitd  des  comparaisons  entre  calcul  et 
expdrience,  pour  des  moteurs  simpiifids  ddstabilisds,  est 
plutAt  satisfaisante  compte-tenu  des  incertitudes  sur  le 
moddle  de  combustion  (rdf.  30)  et  des  limites  de 
I’approche  ID. 

Z23.22.  Simulation  bidimeresionnelle 

Les  travaux  rdeents  rdalisds  en  simulation 
bidimensionnelle  sont  peu  nombreux  et  se  distinguent  par 
les  gdomdtries  traitdes  et  le  niveau  de  description  r'u 
fluide.  La  gdomdtrie  bidimensionnelle  (canal  plan  otf 


cylindrique  de  section  constante)  simplifie  te  maiilage  du 
champ  et  sert  aux  objectifs  de  recherche,  la  gdomdtrie 
axisymdtrique  se  rapprochant  plus  des  applications.  Le 
fluide  peut  dtre  ddcrit  soit  compressible  non  visqueux 
(dquations  d’EuIer),  soit  compressible  visqueux  laminaire 
(dquations  de  Navier-Stokes),  soit  turbulent  par  I’inter- 
mddiaire  d’un  moddle  classique  (algdbrique  ou  k-e). 

J.D.  Baum  (rdf.  32)  s’est  intdressd  k  un  canal 
cylindrique  et  a  dtudid  de  fa^n  extrdmement  ddtaillde 
I’interaction  des  champs  stationnaire  et  instationnaire  ;  ses 
rdsultats  sont  repris  au  paragraphe  3.1.1. 

R.A.  Beddini  (rdf.  33)  a,  dans  la  mdme  situation, 
rdalisd  un  couplage  entre  I’dcoulement  instationnaire 
turbulent  et  une  flamme  simpiifide  en  vue  d’expliquer  la 
transition  d  la  turbulence  dans  le  cas  d’une  instabilitd  et 
d’approfondir  le  couplage-vitesse. 

L’ONERA  s’e't  intdressd  k  des  gdomdtries  axisy- 
mdtrique.<v.  Dans  un  premier  temps,  une  tenb.tive  a  dtd 
faite  pour  dtendre  au  bidimensionnel  le  calcul  monodi- 
mensionnel  tenant  conipte  du  couplage  pressiou  non- 
lindaire.  Plus  rdeemment,  les  travaux  ont  dtd  rdorientds 
vers  la  description  fine  des  phdnomdnes  adrodynamiques 
de  champ  ;  quelques  rdsultats  sont  prdsentds  au 
paragraphe  4.3. 

23.  Observations  e/ndrimentales  et  imperfections  de 
I’analvse  des  instabilitds  de  combustion 

Les  diffdrentes  recherches  sur  la  stabilitd  non- 
lindaire  statique  ou  dyn^que  n’ont  pas  encore  donnd 
naissance  h  des  outils  utilisables  pour  la  conception  des 
moteurs,  mise  h  part  la  mdthode  de  TAveraging”.  Le  bilan 
acoustiq'ie  et  l”’Averaging’’  ne  donne  des  rdsultats  rdalistes 
que  si  la  base  des  modes  lindaires  est  elle-mdme  rdaliste. 
Ce  chapitre  sera  consaerd  h  la  comparaison  d’observations 
expdrimentales  et  des  prdvisions  lindaires  correspondantes, 
en  mettant  en  relief  quelques  exemples  signiHcatifs  oh  la 
prdvision  a  dtd  contredite  par  I’expdrience. 

23.1.  Obscpalicas-gtotralgs 

Irs  instabilitds  de  combustion  se  manifestent  dans 
un  domaine  de  frdquence  de  10  Hz  h  plus  de  10000  Hz 
suivant  la  taille  et  I’architecture  du  propulseur.  Mdme  ri 
les  phdnomdnes  physiques  mis  en  jeu  k  ces  diverses 
frdquences  prdsentent  une  unitd  certaine,  la  maltrise  de 
toutes  les  instabilitds  susceptibles  d’dtre  rencontrdes,  avec 
des  outils  communs,  constitue  un  vdritable  ddfi,  ne  serait- 
ce  qu’au  niveau  des  donndes  d’entrde.  Cependant  les 
moteurs  prdsentent  des  spdcificitds  selon  les  missions 
visdes  et  il  ieur  correspond  gdndralement  des  modes 
particuliers  d’instabilitd : 

-  moteurs  de  premier  dtage  de  lanceur  :•  le  diamdtre 
atteint  4  m,  la  longueur  prds  de  30  m,  le  propergol 
aujourd’hui  universellement  retenu  est  un  con^site 
perchlorate  d’ammonium/aluminium/polybutadidne,  la 
fabrication  utilise  frdquenunent  la  segmentation ;  les 
segments  sont  k  gdomdtrie  cylindro-conique  sauf  pour 
I’un  d’entre  eux  d  motif  dtoild  ou  d  ailettes.  Les 
premidres  frdquences  raises  en  jeu  sont  faibles,  IS  d 
25  Hz,  et  les  moteurs  opdrationnels  Idgdrement  instables 
naturellement,  avec  des  niveaux  stabilisds  moddrds. 
L’opinion  est  rdpandue  que  la  segmentation  peut 
favoriser  I’instabilitd  sur  les  premiers  modes 
longimdinaux. 

-  moteurs  pour  missiles  stratdgiques  ■:  le  diamdtre  peut 
ddpasser  2m,  la  longueur  vme  suivant  I’dtage,  le 
propergol  est  un  composite  mdtallisd  d  liant  inerte  ou 
dnergdtique,  le  chargement  est  monobloc.  La  gdomdtrie 
Finotyl  a  tendance  d  s’imposer  aujourd’bui.  La  France 


fait  igalement  usage  de  chargements  axisym£triques 
usings  ;  des  instabilitis  ont  observies  dans  la  gamme 
des  moyennes  frequences,  k  partir  d’environ  100  Hz, 
c’est-^-dire  sur  des  modes  longitudinaux-radiaux,  avec 
des  niveaux  stabilises  toierables. 

-  moteurs  pour  missiles  tactiques  :■  it  existe  une  grande 
diversite  de  tailte,  de  propergol  et  de  chargement,  qui 
rend  difficile  toute  gendralite.  On  note  toutefois  que  la 
tendance  &  utiliser  des  propergols  "sans  fumee”  ou  <t 
"fumee-reduite”  conduit  &  supprimer  ou  ft  reduire  la 
charge  metallique  qui  joue  un  rOIe  important  dans 
I’amortissenibnt  des  instabilites  k  moyenne  et  haute 
frequence  ;  aujsi  doit-on  quelquefois  reintroduire  un 
faible  pourcentage  de  particules  d’oxyde  refractaire  dans 
le  propergol  pour  stabiliser  le  fonctionnement.  Les 
modes  tangentiels,  generalement  toumants,  entrainent 
souvent  une  derive  de  la  pression  stationnaire  et  sont 
particulierement  redoutes. 

La  reproductibilite  des  instabilites  ne  peut  etre 
rigoureusement  determinee  que  dans  des  conditions  tris 
strictes  meme  geometric  du  propulseur,  meme  lot  de 
propergol,  mimes  conditions  d’essais.  Ces  conditions  sont 
rarement  reurJes. 

La  reproductibilite  est  generalement  bonne  sur  les 
frequences,  moin'  satisfaisante  sur  les  niveaux  d’instabilite. 
Les  instabilites  tangentielles  conduisent  ft  plus  de 
dispersion.  On  peut  signaler  des  essais  de  moteurs  ft 
char  -ement  usinl  dont  les  instabilites  pouvaient  appartenir 
i  del  X  classes ;  aucune  explication  satisfaisante  n'a  jamais 
ete  tiouvie  k  cette  ambivalence. 

2.3J.  Reproductibilite  des  frequences  et  de  la 

stabilite  staiiquc 

2.3.3.I.  Moteur  d’etude 

L’exempte  choisi  porte  sur  un  petit  moteur  d’etude 
de  rONERA  utilise  pour  determiner  la  reponse  d’un 
propergol  solide  au  couplage  pression  &  haute  frequence 
(ref.  34  et  77)  ;  le  moteur,  stable  naturellement,  est 
destabilise  periodiquement  sur  son  premier  mode  longi¬ 
tudinal  et  I’amortissemenl  mesure  donne  la  reponse  par 
I'intermediaire  d’un  bilan  acoustique.  Ce  moteur  sert 
egalement  de  cas  d’ecole  pour  la  mise  au  point  de  la 
simulation  numerique  bidimensionnelle  et  I’analyse 
theorique  des  phenomines  aerodynamiques. 

La  frequence  crolt  naturellement  au  cours  du 
ionctionnement.  La  figure  8  donne  une  comparaison  des 
frequences  calcuiees  par  I’analyse  lineaire  ID  et  mesurees. 
L’accord  est  satisfaisant,  les  ecarts  pouvant  etre  imputes 
e  des  phenomines  mai  contrdies  (ablation  de 
I’inhibiteur...)  ou  au  calcul  de  la  frequence  acoustique 
(paragraphe  3.13.1.).  La  reproductibilite  des  frequences 
est  excellente,  celle  des  amortissements  acceptable  pour 
ce  type  d’essai.  L’observation  est  assez  generate  ;•  des 
moteurs  de  geometries  simples,  conduisant  ft  des  evo¬ 
lutions  regulieres  de  frequence  et  stables  statiquement, 
presentent  une  bonne  reproductibilite. 

23.3.2.  Moteurs  seymenliis 

Les  moteurs  segmentes  les  mieux  documentes  sont 
ceux  equipant  ies  systimes  de  lancement  americains 
I'itan  III  et  Navette  Spatiale.  Le  MPS  d’Ariane  doit  faire 
I’objet  d’un  premier  essai  prochainement,  il  a  ete  precede 
d’un  essai  sur  une  maquette  segmentee  qui  a  demontre 
une  legirc  instabiiite. 


Figure  8  -  Frequences  calcuKes  el  mesurees  sur  un  moteur 
d'eiude  ONERA 


La  figure  9  relative  au  Titan  34D  est  extraite  de 
la  reference  35  et  reproduit  I’analyse  de  la  composante 
instationnaire  de  pression  enregistree  sur  un  capteur 
Kistler.  Les  frequences  observees  se  situent  au  voisinage 
des  frequences  acoustiques  mais  leur  evolution  n’en  pas 
continue  :  un  phenomine  en  cascade  est  observe,  carsete- 
rise  par  une  suite  de  decroissances  de  la  frequence 
entrecoupees  de  brutales  remontees  et  suggerant  des 
transitions  entre  des  regimes  d’instabilite.  L’amplitude  de 
I’osciliation  de  pression  n’a  pas  depasse  2  %  de  la 
pression  moyenne.  Un  phenomine  tout  k  fait  comparable 
a  ete  observe  sur  le  Space  Shuttle  Booster  (ref.  36), 
I’amplitude  de  pression  atteinte  n’a  pas  depasse  3  %  de 
la  pression  moyenne. 


Frequence  (Hz) 


Figure  9  -  Frequences  obseivees  sur  TNan  340  (ret.  35) 
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L'instabiliti  naturelle  des  moteurs  segment's  a 
une  mauvaise  surprise  puisque  les  provisions  donnaient  un 
comportement  stable.  Les  tableaux  2.1  et  2.2  donnent  une 
synthOse  des  calculs  de  bils”  .t'xnistique  pour  le  premier 
mode  longitudinal  (rOf.  3S  et  37>  <4^ 
contributions  linOaires  des  couplages  pression  et  vitesse, 
eCu  I’amortissement  dO  h  la  tuyOre,  celui  dil  aux 
particules  d’alumine  et  C4,est  le  terme  de  "Flow  Turning". 
Quelle  que  soit  I’opinion  qu’on  puisse  avoir  sur  le  terme 
de  "Flow  Turning",  on  remarque  que  sa  suppression  ne 
change  pas  le  signe  de  ;  I’amortissement  est  dans  les 
detuc  cas  presque  exclusivement  dil  it  la  tuyOre.  Le 
disaccord  entre  provision  et  observation  a  OtO  k  I’origine 
d’une  remise  en  cause  du  bilan  acoustique  sous  sa  forme 
classique  et  a  amenO  it  incriminer  un  possible  couplage 
entre  I’acoustique  et  I’Omission  de  structure  tourbillon- 
naire  ;  ce  phOnomOne  fera  I'objet  du  paragraphe  3.1.2. 


La  similitude  des  comportements  observOs  it 
Ochelle  1  et  &  Ochelle  rOduite  a  surpris  les  chercheurs  de 
rONERA  et  les  experts  Otrangers  en  raison  de  la  forte 
non-linOaritO  des  phOnomOnes  avec  la  frOquence.  Ce  point 
doit  Otre  rOexaminO  &  la  lumiOre  de  Thypothise  d’un 
entretien  de  I’instabilitO  par  I’Omission  tourbillonnaire, 
laquelle  obOit  &  une  similitude  de  Strouhal  :■ 

5.  =  fi  -  Ctv,  (2.25) 

oi)  u  est  une  vitesse  de  rOfOrence. 

2.3.3.-;.Moteurs  a  chareement  tridimensionnel 
Finocvl 

La  dOnomination  Finocyl  rOsulte  de  la  contraction 
de  Fin  (ailette)  et  cyl  (cylindre),  elle  dOcrit  un  chargement 


Tableau  2.1  -  Provision  de  la  stabilitO  du  SRM  du  Titan  340  (rOI.  35) 


Epalsseur  brulOe 
(%) 

FrOquence 

(Hz) 

Ctpc 

(s') 

Otvc 

(S') 

“n 

(s-') 

ct  po 
(3) 

Uft 

(s’) 

a 

(s’) 

0 

22,2 

2,66 

0,46 

- 15,78 

-2,22 

-5,53 

•  20,41 

21,5 

20,31 

1,08 

-0,17 

-7,73 

■2,03 

•4,13 

■  12,98 

45 

21,81 

0,60 

-0,22 

•5,07 

•2,18 

•3,43 

•  10,30 

73,9 

23,74 

0,44 

-0,18 

-3,88 

-2,37 

■2,43 

■8,42 

Tableau  2.2  •  Provision  de  la  stabilitO  du  SRB  de  la  Navotte  Spatiale  (rOf.  36) 


Epalsseur  brOlOe 
(%) 

FrOquence 

(Hz) 

Ctpc 

(S') 

Ctvc 

(s-') 

OIn 

(s') 

Clpo 

(S) 

CtpT 

(s*’) 

a 

(s-’) 

0 

15,25 

2,87 

0,05 

•15,14 

•0,62 

•3,92 

•  16,76 

45 

13,17 

0,46 

•0,01 

•8,38 

•0,57 

•2,29 

•  10,79 

80 

16,18 

0,31 

- 

8,06 

■0,66 

•  1,49 

•9,90 

2.3.3.3.  Moteurs  it  chargement  axisvmOtrique  usinO 

SpOcialitO  fran^ise,  ce  type  de  moteur  a  donnO 
lieu  it  de  nombreuses  observations  dont  une  synthOse  peut 
Otre  trouvOe  dans  les  rOfOrences  6  et  38.  La  figure  10 
rappelle  la  gOomOtrie  du  chargement ;  il  s’agit  ici  de  la 
maquette  it  T’Ochelie  1/6  essayOe  en  structure  lourde.  La 
figure  11  donne  une  synthOse  des  frOquences  observOes 
tant  sur  moteur  rOel  que  sur  maquette  ainsi  que  la 
frOquence  acoustique  calculOe  pour  le  premier  mode  (les 
temps  et  les  frOquences  sont  ramenOs  0  I'Ochelle  1). 

On  retrouve  un  phOnomOne  d’Ovolution  de  la 
frOquence  en  cascade.  La  dOcroissance  des  inodes 
supOrieurs  en  fonction  du  temps  n’est  pas  retrouvOe  par  le 
calcul  acoustique ;  it  faut  toutefois  remarquer  qu’ii  est 
difficile  de  sOparer  les  composantes  harmoniques  du  mode 
le  plus  bas  des  modes  supOrieurs  (certains  essais  it  Ochelle 
rOduite  ont  conduit  k  une  amplitude  maximale  d’oscil- 
lation  de  pression  crOte  k  crOte  de  prOs  de  10  %  de  la 
pression  moyenne).  L’essai  rOalisO  avec  un  propergol  non 
mOtallisO  est  parti  en  instabilitO  tangentielle  aprOs  deux 
seconders  de  fonctionnement ;  frOquence  voisinc  de 
7000  Hz,  amplitude  crOte  k  crOte  supOrieure  k  80b, 
pression  moyenne  augmentOe  de  plus  de  80b  I 


constituOe  d’un  canal  cylindrique  circulaire  raccordO  k  un 
motif  k  ailettes ;  la  dOnomination  Conocyl  est  parfois 
rencontrOe,  le  chargement  peut  Ogalement  prOsenter  des 
gorges  circonfOrentielles  supplOmentaires.  Ces 
chargements  utilisOs  sur  les  moteurs  modemes  conduisent 
k  des  Ocoulements  fortement  tridimensionnels. 

Un  mode  en  cascade  a  OtO  observO  sur  le  premier 
Otage  du  missile  Poseidon,  il  y  a  prOs  de  20  ans  (rOf.  39, 
figure  1).  La  frOquence  mesurOe  Otait  au  voisinage  de 
80  Hz,  entre  8  et  12s  de  fonctionnement.  Oes  amplitudes 
de  vibration  supOrieure  0  20g  aOte  sur  la  tuyOre  ont  OtO 
reluvOes. 

Le  moteur  du  troisiOme  Otage  du  missile 
Minuteman  111  a  Ogalement  extiibo,  dans  sa  premiOre 
version,  un  mode  ep  cascade  (rOf.  32  et  40).  Comme 
visible  sur  la  figure  12,  les  frOquences  varient  fortement 
et  s’Oloignent  de  la  frOquence  calculOe  pour  le  premier 
mode  longitudinal  de  cavitO. 

A  contrario,  certains  moteurs  pour  Otages 
supOrieurs  de  lanceurs,  caiactOrisO  par  un  faible  allon- 
gement  ont  manifesto  une  stabilitO  statique  en  essais  alors 
que  le  bilan  acoustique  prOvoyait  I’iastabilitO  (rOf.  41).  Les 
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2.33.S.Sensibilit6  des  instabilit6s  a  des  modifications 
g4Qm^triQU«  du  chargcmtnt 

Deux  exemples  miritent  d’itre  signalds.  Le 
premier  porte  sur  le  moteur  it  chargement  axisyrnitrique 
reprdsenti  sur  la  figure  10,  la  giomdtrie  modifi£e  est 
donnie  sur  la  figure  13.  Le  rOle  moteur  de  rfnrJssion 
tourbillonnaire  sur  les  instabiitds  n’dtait  pas  connu  it 
r^poque  des  essais ;  par  contre  un  essai  avait  dt6  inter- 
rompu  par  ditente  et  il  avait  £td  observi  une  combustion 
anormsdement  dlevie  sur  la  partie  aval  des  gorges,  au 
raccordement  avec  le  canal  central,  ce  qui  laissait  craindre 
un  couplage-vitesse  important.  Les  angles  du  chargement 
ont  en  consequence  ttt  abattds  dans  cette  zone.  Le  mode 
le  plus  bas  est  apparu  exceptionnellement  tard  et  les 
niveaux  des  modes  superieurs  ont  6te  atldnuds. 


Figure  ts  •  Modification  de  la  geomeine  du  chargemeni  de 
la  figure  10 


L’autre  example,  beaucoup  plus  net,  est  lid  au 
troisibme  etage  du  Minuteman  III.  L’explication  du 
comportement  instable  avait  recherchee  dans 
remission  tourbillonnaire  susceptible  de  prendre  naissance 
au  raccordement  du  motif  it  ailettes  avec  le  canal  central, 
en  raison  d’un  fort  etranglement.  La  diminution  de 
retrangicment  aurait  permis  de  diminuer  sensiblement  le 
niveau  d’instabilite  (rdf.  40)  ;  on  ne  sait  pas  si  la  version 
modifiee  dont  les  resultats  sont  reportes  sur  la  figure  11 
correspond  il  ce  seul  changement 

23.4.  Recapitulation 

L’application  du  bilan  acoustique  pour  la  prevision 
de  la  stabilite  lindaire  a  donne  lieu  i  quelques  deboires, 
surtout  pour  des  geometries  de  chargement  mettant  en  jeu 
des  structures  bidimensionnelles  ou  tridimensionnelles 
d'ecoulemcnt.  L’apparition  de  modes  en  cascade  pour  des 
moteurs  dont  le  diamitre  s'echelonne  de  2S0mm  il  4m  et 
pour  des  frequences  de  IS  i  plus  de  1000  Hz  conduit  & 
s’interroger  sur  la  validite  du  denombrement  classique  des 
phenombnes  eiementaires.  Certains  phenomines  comme 
le  "Flow  Turning"  et  le  couplage-vitesse  demandent 
egalement  un  rbexamen. 

3.  PROGRES  REGENTS  DANS  LA  PHYSIQUE  DES 
PHENOMENES  ELEMENTAIRES 

Le  bilan  acoustique  met  en  evidence  des  contri¬ 
butions  liees  au  champ  aerodynamique  instationnaire  et 
des  contributions  liees  il  la  combustion  du  propergol.  Bien 
qu’obligatoirement  simplifiee,  cette  distinction  entre 
phenomines  aerodymimiques  et  phenomines  de 
combustion  est  retenue  pour  la  presentation.  L’accent  sera 
mis  sur  les  phenomines  airodynamiques,  dont  la  maltrise 
semble  aujourd’hui  constituer  un  prialable  indispensable 
h  I’approfondissement  des  phinomines  de  combustion. 


3.1.  Phenomines  airodynamiaues 

L’aerodynamique  interne  des  moteurs  il  piopergol 
solide  est  tris  particuliire  car  I’icoulement  nalt  sur  la 
surface  de  combustion.  Cette  particulariti  confire  i 
I’icoulement  stationnaire  un  caractire  rotationnel  qui 
devrait  trouver  un  prolongement  en  instationnaire.  I^s 
coimaissances  sur  les  icoulements  acquises  dans  d’autres 
secteurs  d'activiti  requiirent  un  travail  d’adaptation  qui 
commencent  giniralement  par  une  recherche  dans  des 
conditions  simplifiies  facilitant  I’interpritation  physique 
des  risultats.  Quatre  problimes  seront  successivement 
examines  •:  I'interaction  entre  les  champs  stationnaire  et 
oscillatoire  au  voisinage  de  la  surface  de  combustion,  les 
instabilites  hydrodynamiques  de  I’ecoulement,  le  compor¬ 
tement  instationnaire  de  la  tuyire  et  I’aspect  diphasique 
de  recoulement.  Les  deux  premiers  problimes  restent 
encore  ouverts  et  ont  donni  lieu  i  diffirentes  approches 
qui  seront  commenties  en  vue  de  digager  les  acquis  et 
leurs  consiquences  pratiques. 

3.1.1.  Interaction  entre  champs  stationnaire  _et 
oscillatoire  en  surface  de  combustion 

Cette  interaction  recouvre  plusieurs  phinomines 
compiimentaires  pour  lesquels  il  existe  encore  plusieurs 
approches.  Pour  la  clarti  de  la  prisentation,  nous  distin- 
guerons  successivement  les  approches  liniaires  des 
approches  non-liniaires. 
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Les  thiories  liniaires  traitent  par  le  calcul  analy- 
tique  la  couche  d’adaptation  du  champ  acoustique  aux 
conditions  de  surface  et  deux  niveaux  peuvent  itre 
distinguis  suivant  que  I’icoulement  stationnaire  est  dicrit 
de  fagon  plus  ou  moins  simplifiie.  Le  terroe  de  couche 
limite  acoustique  sera  utilisi  mais  prite  quelque  peu  i 
confusion  ;  la  prise  en  compie  de  la  viscositi  laminaire  est 
indispensable  i  I’analyse  mais  dans  certains  cas,  les 
risultats  finaux  sont  indipendants  de  la  viscositi. 


3.I.I.I.I.  Thiories  de  la  couche  limile 
acoustique 


La  couche  limite  reprisente  en  airodynamique 
classique  la  zone  mince  adjacente  &  la  paroi  oil  sont 
concentris  les  effets  visqueux  de  I’icoulement.  Si  I’icou- 
lement  est  oscillatoire  i  faible  amplitude,  une  couche 
limite  acoustique  peut  itre  mise  en  ividence  sur  une  paroi 
inerte,  sa  description  est  aisie  en  laminaire.  Le  problime 
peut  itre  riexaminie  pour  une  paroi  dibitante.  Les 
premiers  travaux  ont  iti  conduits  par  G.A.  Flandro 
(rif.  42)  qui  a  en  particulier  dimontri  que,  vue  de 
i’intirieur  de  la  caviti,  la  surface  de  combustion  prisente 
une  admittance  qui  n’est  pas  i’admittance  liie  au  couplage 
pression  mais  cette  demiire  corrigie  d’un  terme  • 

traduisant  la  prisence  de  la  couche  acoustique.  Les  ; 

hypothises  utilisies  ainsi  que  la  dimarche  suivie  sont  , 

rappelies,  en  suivant  les  notations  de  la  rifirence  43  :• 

■  I’icoulement  stationnaire  est  uniforme  et  normal  i  la 
paroi,  ce  qui  lui  confire  un  caractire  irrotationnel.  . 


le  rapport  de  I’ipaisseur  S',  de  la  couche  limite 
acoustique  sans  injection  i  la  longueur  d’onde  est  de 
i’ordre  du  nombre  de  Mach  d’injection,  soit 


F,  *  o(A)  (3.1) 

SJtov 

■  le  problime  est  bidimensionnel  enoeetjj,  I’axe  desjc 
itant  parallile  H  la  surface  et  I’axc  des^  perpendiculaire 
(figure  14). 
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■  Dim^ 


•  les  Equations  aux  d<riv£es  partielles  tiniaires  sont  6crites 
pour  les  perturbations  des  composantes  de  vitesse,  de 
pression  et  de  temperature  ;  les  conditions  limites  sur  la 
surface  se  traduisent  par  o  et  tr'/p'  proportionnel 
k  I  admittance  les  conditions  limites  i  Tinfini 
suivant  a  correspondant  au  raccordement  avec  le 
champ  acoustique. 

-  les  solutions  analytiques  sont  recherchies  sous  la  forme  :• 

p'=  .  (3.2) 

-  I’integration  donne  directement  les  solutions  u/u'p.' 

Les  consequences  principalcs  ae  cette  analyse  sont 
les  suivantes  t' 

-  extension  de  la  couche  limite  acoustique :  une  expression 
approchee  peut  itre  obtenue  (ref.  43,  44  et  45)  sous  la 
forme  :■ 


L’epaisseur  de  la  couche  limite  acoustique  en 
presence  d’un  soufflage  de  paroi  est  toujours  superieure 
^  celle  sur  paroi  inerte,  I'amplification  etant  liee  au 
paramitre  F  qui  combine  le  nombre  de  Mach  de 
soufflage,  la  viscosite  laminaire  et  la  frequence. 

■  la  composante  longitudinale  de  vitesse  presente,  corame 
indique  sur  la  figure  14,  un  comportement  oscillatoire 
qui  s'amortit  au  fur  et  k  mesure  de  I’eioignement  de  la 
surface.  Un  maximum  d’amplitude  pris  de  la  surface 
ainsi  qu’un  dephasage  vis-i-vis  de  la  vitesse  acoustique 
sont  mis  en  evidence  ;  cet  effet  peut  itre  essentiel  pour 
la  comprehension  du  couplage*vitesse.  Le  champ  de 
pression  est  quant  k  lui  insensible  it  la  couche  limite 
acoustique. 


acoustique  ,u' 


Mouvement  parallels 
a  la  surface 


Mouvement  perpendiculaire 
a  la  surface 


Lignes  de  courani 
(acoulement  slalionnaire) 


Champ  acoustique 
(irrolationnel) 


Figure  14  ■  Raccordement  du  champ  inslalionnalre 
au  champ  acoustique 


-  la  correction  d’admittance,  ou  la  correction  de  reponse 
equivalente,  peut  ttre  ckculie  ;  elle  s’cxprime  en 
function  du  Mach  d’injection  Ft  et  du  nombre  de 
Reynolds  acoustique 


Les  r^sultats  se  simplifient  lorsque  F  >  >  1,  ce  qui 
correspond  bien  a  la  plupart  des  applications  mais 
contredit  rhypothhse  de  depart  F  =  0(1). 

Le  premier  resultat  conceine  I’ipaisseur  de  la 
couche  limite  acoustique  t' 

S-ro  StE.*®  BZsH  (3.5) 

4-  V4>* 

Pour  des  moteurs  homothitiques  sujets  k  des 
modes  d’instabilites  semblables,  sera  inversement 
proportionnel  a  rechclle  et  il  en  va  de  m4me  du  rapport 
de  S'  a  une  dimension  caracteristique  de  la  cavitd.  La 
theorie  de  la  couche  limite  acoustique,  qui  ne  presente 
d’interet  que  si  I’epaisseur  de  cette  demihre  est 
ndgligeable  vis-a-vis  des  dimensions  de  la  cavite,  semble 
mieux  adaptee  aux  petits  moteurs  qu ’aux  gros  moteurs. 
Pour  ces  demiers,  la  couche  limite  acoustique  des  modes 
de  basse  frequence  peut  occuper  une  fraction  notable  de 
la  c,.vite. 

La  correction  d’admittance  tend,  dans  les  memes 
conditions  vers  une  valeur  independante  de  la  viscosite  i' 

(3.6) 

Le  bilan  acoustique  peut  etre  alors  facilement 
corrige  soit  dans  I’expression  du  terme  de  couplage- 
pression,  soit  en  introduisant  un  terme  correctif  propor¬ 
tionnel  a  I’integrale  ^  . 

II  est  interessant  de  remarquer  que  pour  un  canal 
cylindrique,  le  terme  correctif  issu  de  la  couche  limite 
acoustique  est  strictement  equivalent  au  terme  de  ’Flow 
Turning"  I’approche  globaie  du  "Flow  Turning"  et 
I’approche  plus  iietailiee  de  la  couche  limite  acoustique  se 
rejoignent  dans  ce  cas  particulier  et  confirment  I’intuition 
de  F.E.C.  Culick.  Toutefois  cet  accord  n’existe  plus  pour 
des  geometres  complexes.  L’objet  du  travail  presente  dans 
la  reference  43  etait  justement  de  comparer  les  deux 
approches,  sur  la  base  de  la  coherence  des  resultats 
ei^rimentaux  obtenus  sur  le  petit  moteur  de  la  Hgure  8. 
Differentes  geometries  de  chargement  conduisent,  aux 
mimes  pression  stationnaire  et  frequence,  i  des  termes 
uifferents  de  "Flow  Turning"  et  de  correction  d’admittance. 
Les  reponses  deduites  des  amortissements  mesurds,  sur  un 
mfime  propergol,  doivent  ttre  identiques  pour  I’analyse  la 
plus  realiste.  La  figure  15  donne  un  example  des  resultats 
obtenus  ;  les  deux  traces  ricapitulatifs  dans  I’espace  (f, 
p,  r£)  degagent  les  conditions  pour  lesquelles  les 
comparaisons  peuvent  etre  faites  et  les  differences  entre 
les  resultats.  Les  diveises  comparaisons  effectuees 
inclinent  k  penser  que  I’approche  par  correction 
d’admittance  est  meilleure.  Cette  conclusion  suppose  qu’il 
n’existe  pas  de  pbenomine  dependant  de  la  geometrie  qui 
aurait  ete  omis  dans  le  bilan  acoustique,  comme  par 
example  remission  tourbillonnaire  (geometrie  A). 

L’approcbe  qui  vient  d’etre  rappelie  est  celle  de  la 
couche  limite  acoustique  clas.sique,  elle  a  permis  un 
premier  pas  dans  la  comprehension  des  phenomenes 
airodyn^ques  d’adaptation  pris  de  la  surface  de 
combustion.  Elle  limite  la  portee  de  la  simplification 
traduite  par  la  relation  (2.14)  mais  ne  tient  compte  que  du 
terme  (7*3  )*ir  .  Par  contre,  il  subsiste  le  problime  du 
terme  ((7*  IT  )*  ) .  ^^  qui  fait  intervenir  le  rotationnel 
de  recoulement  stationnaire.  La  theorie  de  la  couche 


"‘f:, 

i  >  J’  ffv/x'  4'... 


Gdom^tne  A 


G^om^tne  B 


i 


4^ 


Correclion  d'admitlance  "Flow  Turning' 

Figure  15  ■  Coherence  des  rfiponses  deierminies  4  partir  des  approches  'low  Turning*  el  correclion  d’admitlance  (rdl  43) 


limite  acoustique  a  M  reprise  par  plusieurs  chercheurs 
pour  tenir  compte  plus  pricisiment  du  champ  stationnaire 
pris  de  la  surface  et  expliquer  les  observations  en  simu¬ 
lation  gazeuse  instationnaire  (rdf.  44  4  47).  Travaillant  sur 
une  cavitd  cylindrique,  U.G.  Hegde,  F.  Chen  et  B.T.  Zinn 
introduisent  I’expression  du  champ  stationnaire  dans  toute 
la  cavitd  et  limitent  les  diveloppements  au  premier  ordre 
(rtf.  44).  Les  calculs  ne  seront  pas  reproduits  id. 
L’influence  de  la  vitesse  d’injection  et  de  la  frequence, 
d4j4  dtablie,  est  bien  retrouvde  mais  des  rdsultaLs 
nouveaux  sont  igaiement  dimontris.  Le  principal  est  que 
les  phdnomines  de  couche  limite  acoustique  varient  de 
fagon  sensible  avec  la  position  axiale  sur  la  surface  de 
combustion.  Cest  le  cas  pour  la  repartition  des 
composantes  longitudinales  et  radiates  de  vitesse  ainsi  que 
de  la  correction  d'admittance.  La  correction  d’admittance 
comprend  le  terme  classique  et  un  terme  suppldmentaire 
lie  au  champ  stationnaire  et  proportionnel  i 


H  etant  la  vitesse  stationnaire  sur  I'axe  et  ^  le  gradient 


de  pression  acoustique.  Ce  terme  suppiementaire  induitun 
comportement  singulier  au  voisinage  du  minimum  de 
pression  acoustique. 


Les  consequences  sur  le  bilan  acoustique  de 
I’extension  de  la  theorie  de  la  couche  limite  acoustique 
sont  importantes : 


-  la  limitation  reste  liee  4  i’epaisseur  de  la  couche  limite 
acoustique,  dest-it-dire  i  ia  possibilite  de  traduire  I’effet 
de  cette  couche  par  un  terme  de  surface. 


le  bilan  acoustique  n’est  plus  independant  du  champ 
stationnaire,  qui  doit  avoir  fait  I’objet  d’un  calcul 
prealable,  ce  qui  complique  notablement  la  demarche. 


naturel  de  caracteriser  dans  ce  cas  chaque  point  de  la 
surface  par  le  rotationnel  local  Jlf  et  de  reprendre  les 
calculs  avec  le  champ  stationnaire  local  :• 

(2D)  (3.7) 

Un  nouveau  parambtre  apparalt  par  I’adimension- 
nement  des  grandeurs  :■ 

;  (3.8) 

A 

il  doit  Stre  compare  en  ordre  de  grandeur  aux  autres 
paramitres. 


3.I.I.I.2.  Generalisation  du  bilan  acoustique 

L’idee  generale  qui  sous-tend  cette  generalisation 
est  de  limiter  les  simplifications  telles  que  (2.14), 
lorsqu'ont  ete  combines  les  probiemes  lindaires  dderivant 
respectivement  I’instabilite  et  I’acoustique  ;  elle  est 
illustree  par  les  travaux  de  TJ.  Chung  (ref.  48  et  49).  Le 
probldme  peut  etre  rdsolu  sur  l^lan  formel  et  conduit  4 
des  intdgrales  oO  apparaissent  p,?  et^3  ,  en  combi- 
naison  avec  les  caraetdristiques  du  champ  stationnaire  de 
vitesse  ;  ?  peut  dtre  ddeomposd  en  une  composante 
irrotationnelle  ff^et  une  composante  rotationnelle  3".  ^ 
et  sont  assimilables  4  p,  et  (fw  mais  il  reste 
dvidemment  une  difficultd  avec  B!" 

Cette  approche  est  uniquement  intdressante  du 
point  de  vue  thdorique.  Elle  permet  d’identifier  les 
sources  potentielles  d’instabilitd  au  travers  des  termes  des 
dquations  et  de  proposer  leur  interprdtation  physique,  elle 
sdpare  les  sources  ddpendant  de  la  viscositd  des  autres. 
Par  contre,  il  n’est  pas  possible  de  donner  une  traduction 
de  la  thdorie  pour  la  plupart  des  applications  sauf  4 
admettre  un  calcul  sdpard  du  champ  3*  ce  qui  ramdne  4 
la  thdorie  de  la  couche  limite  acoustique. 


pife-’. 


Il  semble  possible  d’dtendre  I’approche  de 
U.G.  Hegde  et  al.  4  des  gdomdtries  complexes.  Il  paralt 


3.I.I.2.  Caicul  num^rique 


Ecoulement 


Un  travail  tr^s  approfondi  a  meni  par 
J.D.  Baum  sur  une  cavit6  cylindrique  (rif.  32).  Les 
dquat’ons  dc  I'icoulementvisqueux  turbulent  (module  k-*.) 
sent  mt<gr^es  4 1’alde  d’une  mithode  de  differences  finies 
pour  truis  situations  de  complexite  croissante  s 

-  une  paroi  inerte  eii  I'absence  d'ecoulement  moyen, 

-  une  paroi  mertc  en  p’^fiscnce  d’un  ecoulement  moyen, 

■  une  paroi  debitante. 

Des  ondes  prupagatives  et  stationnaires  sont 
successivement  considerees. 

Le  caicul  numerique  retrouve  et  precise  ce  qui  a 
ete  mis  en  evidence  par  les  methodes  anal>liques  :■ 

-  le  phenomene  depend  de  la  frequence  et  de  la  vitesse 
d’injection  mais  aussi  de  la  direction  de  propagation  de 
I’onde.  il  varie  avec  la  position  axiale. 

-  la  'issipatioii  de  i’energie  acoustique  est  principalement 
concentree  dans  la  couche  limite  acoustique,  ellc  est 
accrue  avec  la  frequence  et  la  vitesse  d'injection  et 
plus  importante  pour  les  ondes  se  propageant  vers 
i’amont  que  pour  celles  se  propageant  vers  I'aval. 

-  recoulement  stationnaire  joue  un  rdle  important  et  le 
couplage  devient  rapidement  non-lin4aire. 

Le  rdle  de  la  turbulence  n'est  pas  facile  it 
appreder  puisque  il  y  a,  mime  en  stationnaire,  transition 
du  laminaire  au  turbulent  suivant  I'abscisse.  R.A.  Beddim, 
utilisant  une  technique  de  linearisation  des  equations 
turbulentes,  conclut  que  le  champ  instationnaire  peut 
favoriser  la  transition  4  la  turbulence  mime  pour  de 
faibles  amplitudes  et  induire  un  couplage-vitesse  (ref.  33). 
Il  faut  remarquer  que  la  turbulence  en  moteur  reste 
imparfaitement  connue  et  qu’il  n’est  pas  assure  que  les 
modeies  standards  de  turbulence  developpie  en 
fournissent  une  bonne  representation. 

Les  travaux  de  F.  Vuillot  et  G.  Avalon  (ref.  50  et 
51)  portent  sur  des  situations  pour  lesquelles  la  couche 
limite  acoustique  occupe  une  grande  partie  de  la  cavite. 
Les  equations  de  Navier-Stokes  pour  I’ecoulement 
laminaire  sont  integrics  par  une  methode  de  volumes  finis 
utilisant  un  schema  explicite  de  Me  Cormack.  Le  travail 
preiiminaire  de  la  reference  50  considire  une  cavite 
paralieiipipedique  et  un  debit  unitaire  constant ;  la 
condition  limite  aval  porte  sur  la  pression  statique  d'abord 
constante  pour  obtenir  le  fonctionnement  stationnaire  puis 
oscillatoire  autour  de  sa  valeur  stationnaire  pour  I’etude 
du  mode  stationnaire  force.  La  figure  16  illustre  le  champ 
instationnaire  de  vitesse  vers  le  fond  arriere  de  la  cavite 
lorsque  la  frequence  d’excitation  est  0,8  fois  celle  du 
premier  mode  longitudinal,  et  I'amplitude  relative  de  la 
pression  d’excitation  de  5  %.  On  peut  constater,  d’une 
part  le  caractire  tr4s  rotationnel  de  I’ecoulement  et, 
d’autre  part,  I’incidence  de  i’ecoulement  moyen  qui  rompt 
la  symetrie  du  cycle.  Le  travail  plus  recent  de  la  refe¬ 
rence  51  interesse  un  propulseur  axisymetrique  de  grande 
taillc  representatif  du  d’Atiane  5.  Le  propulseur  est 
complet  et  le  caicul  porte  4  la  fois  sur  la  chambre  et  sur 
la  tuyire  ;  I’excitation  est  simuiee  par  une  source 
acoustique  de  pression  pendant  quelques  periodes, 
I’analyse  des  signaux  instationnaires  etant  conduiie  soil 
pendant  la  phase  d’exdtation  soit  apris.  L’amortissement 
calcuie  numeriquement  est  compare  4  celui  prevu  par  un 
bilan  acoustique  utilisant  la  correction  d’admittance,  le 
debit  injecte  etant  constant.  II  apparalt  que  le  develop- 
pement  de  la  couche  limite  acoustique  dans  la  cavite 
limite  I’amortissement  qui  est  de  ce  fait  fbrtement 
surestime  par  le  bilan  acoustique  ;  des  effets  non-Iineaires 
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Figure  16  -  Caicul  du  champ  instationnaire  au  voismage 
de  la  sudace  de  combustion  (lei  SO) 


sont  e  lalement  mis  en  evidence  avec  I’apparition  de 
modes  .'e  haute  frequence  aprhs  I’excitation. 

3.I.I.3.  Retaciiulaiien 

L’ensemble  des  recherches  realisees  convergent 
vers  I’idee  que  I’interaction  entre  champs  stationnaire  et 
oscillatoire  en  surface  de  combustion  doit  etre  prise  en 
compte  dans  I’analyse  de  la  stabilite  ;  il  existe  un  accord 
au  moins  qualitatif  entre  les  theories  analytiques  et  les 
calculs  numeriques  (ref.  46).  Deux  situations  extremes 
peuvent  etre  distinguees  par  I’examen  de  I’epaisseur  dc  la 
couche  limite  acoustique.  Si  cette  epaisseur  est  ires  faible 
devant  les  dimensions  de  la  cavite,  ce  qui  est  le  cas  pour 
les  petits  moteurs,  le  bilan  acoustique  doit  inclure  un 
terme  stabilisant  de  correction  d’admittance  dont 
I’expression  depend  en  toute  rigueur  de  I’ecoulement 
stationnaire  en  surface  de  combustion.  Si  I’epaisseur  est 
au  contraire  comparable  aux  dimensions  de  la  cavite,  le 
couplage  se  fait  dans  tout  le  volume  et  seui  le  caicul 
numerique  est  utilisabie.  Dans  les  deux  cas,  le  caicul 
numerique  est  necessaire  soit  pour  determiner  I’ecou¬ 
lement  stationnaire  seuI,  soit  pour  trailer  I’ecoulement 
complet,  ce  qui  tend  4  orienter  les  efforts  vers  le 
traitement  numerique  des  instabilites  ;  des  limites  exis- 
teront  toutefois  pour  le  caicul  numerique  en  raison  de 
I’extreme  finesse  du  maillage  indispensable  en  surface  de 
combustion.  La  description  du  fluide  pour  le  caicul 
numerique  doit  etre  au  moins  laminaire,  I’influence  de  la 
turbulence  et  sa  modeiisation  demandent  4  etre  predsees. 

3.1.2.  Instabilites  hvdrodvnamiaues  de  recoulement 
3.I.2.I.  Oeneraliies 

L’emission  naturelle  de  tourbillons  par  un  obstacle 
place  dans  un  ecoulement  est  un  phenomene  commun 
resultant  d’une  instabilite  hydrod^amique.  L’analyse 
eiementaire  des  instabilites  hydrodynainiques  d’un  ecou¬ 
lement  peut  etre  realisee  par  linearisation  de  I’equation 
du  rotationr  vl  et  conduit,  pour  un  ecoulement  stationnaire 
bidimensionnel,  dans  une  seuie  direction  mais  possedant 
un  profil  de  vitesse,  4  I’equation  de  Rayleigh  (non 
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visqueiu)  ou  d’Orr-Sommerfeld  (laminaire).  Un  exemple 
particuliirement  simple  d'fcoulement  se  rdsolvant  en  all6e 
tourbillonnaire  est  celui  de  la  coucbe  de  mdlange.  Les 
tPirbillons  se  foment  k  une  frequence  gindr^ement 
caract£ris£e  par  un  nombre  de  Strouhal,  leur  dynamique 
est  complexe  et  tris  dfpendante  des  conditions  environ- 
nantes  ;  on  assiste  gdn^ralement  it  un  ddveloppement  de 
la  taille  du  tombillon  puis  a  une  saturation  suivie  d’un 
nouveau  ddveloppement.  Les  tourbillons  peuvent 
dgalement  s’apparier  ou  au  contraire  del'  .er  et  les  effets 
tridimensionnels  peuvent  2tre  prdponddrants.  Le  caractire 
non-liniaire  des  phinomines  suivant  la  naissance  des 
tourbillons  est  done  tris  net. 

L’impact  d’une  couche  de  mdlange  sur  une  surface 
a  dgalement  6t6  longuement  dtudi£,  il  induit  une  source 
sonore.  Cette  source  peut  entrer  en  interaction  avec 
remission  tourbillonnaire  et  donner  lieu  k  une  Emission 
forcie.  L’effet  d’un  champ  acoustique  sur  remission 
tourbillonnaire  a  dgalement  dti  jtudid  par  certains 
chercheurs ;  R.D.  Blevins  est  en  particulier  parvenu,  dans 
le  cas  de  remission  d’un  cylindre  excitie  transversalement, 
aux  conclusions  suivantes  (rdf.  52) 

-  I’dmission  naturelle  n’est  pas  un  processus  harmonique 
pur,  la  frequence  d'dmission  peut  fluctuer  de  quelques 
pour  cent. 

-  lorsque  I’amplitude  du  champ  acoustique  est  suffisante, 
la  fluctuation  de  frdquence  de  I'dmission  disparatt.  Si  la 
frequence  acoustique  est  voisine  de  la  frequence 
naturelle  d’dmission,  la  frequence  d’dmission  s’accorde 
k  la  frequence  acoustique  ;  le  ddcalage  de  frequence  de 
I’dmission  peut  atteindre  8  %  si  I’amplitude  de  pression 
est  de  0,03  b. 

•  le  couplage  se  produit  prdfdrentiellement  lorsque  la 
frequence  acoustique  est  au-dessous  de  la  frequence 
naturelle  d’dmission,  e’est  plutdt  la  vitesse  acoustique  qui 
influence  I’dmission  que  la  pression  acoustique. 

■-  la  turbulence  tend  it  supprimer  I’influence  du  champ 
acoustique,  la  vitesse  acoustique  doit  exedder  la  vitesse 
turbulente  pour  que  le  couplage  se  fasse. 

Bien  qu’obtenus  dans  des  conditions  particulidres, 
CCS  rdsultats  prouvent  qu’un  champ  acoustique  peut  piloter 
I’dmission  des  tourbillons,  que  le  couplage  est  assez  ISche 
et  ddpendant  de  I’amplitude  de  vitesse  et  qu’il  existe 
certains  seuiis  lids  en  particulier  d  la  turbulence.  II  s’agit 
done  d’un  couplage  de  nature  non-lindaire. 

Les  observations  faites  sur  les  moteurs  segmentds 
des  lanceurs  amdricains  ont  conduit  It  rendre  responsable 
des  instabilitds  une  dmissinn  tourbillonnaire  prenant 
naissance  dans  I’interaction  de  i’dcoulement  avec  les 
diaphragmes  d’inhibiteur  disposds  sur  la  face  amont  des 
segments.  Dans  le  prolongement  des  travaux  de 
G.A.  Flandro  et  H.R.  Jacobs  (rdf.  53)  un  grand  nombre 
de  travaux,  surtout  expdrimentaux  ont  dtd  consaerds  au 
probldme  (rdf.  35,  54  k  59).  La  rdfdrence  35  est  la  plus 
ddtaillde  pour  le  probldme  du  Titan  34D  : 

-  elle  ddmomre  que  le  Vortex  shedding'  est  une  source 
d’instabilitd  pcisque  le  phdnomdne  est  reproduit  et 
mesurd  sur  une  maquette  de  simulation  gazeuse  d 
I’dchelle  4,65  %. 

-  elle  met  en  dvidence  la  zone  sensible  oCi  se  rdalise  le 
couplage  acoustique-dmission  tourbillonnaire,  vers  les 
bords  amonts  des  segments  3  et  4,  e’est-d-dire  au 
voisinage  du  ventre  de  vitesse  acoustique. 

•  elle  propose  une  explication  pour  la  ddaoissance  de  la 
frdquence  d’instabilitd  en  fonction  du  temps,  d  partir 


d’une  conservation  du  nombre  de  Strouhal  de 
I’dmission  ;  I’effet  de  cascade  serait  dft  d  la  transition 
vers  un  mode  'supdrieur'  d’dmission. 

Le  cas  des  moteurs  d  chargement  axisymdtrique 
usind  pose  un  probldme  diffdtent  puisqu’il  n’existe  pas 
d’obstacle  dans  I’dcoulement,  L’hypothdse  la  plus  plausible 
repose  sur  I’dmission  de  tourbillons  par  les  angles  vifs  du 
chargement.  L’dquation  lindarisde  du  rotationnel  s’dcrit 

(JLau  ' )  +  C'-iT'A  S' )  -  o  (3.9) 

Les  coins  amonts  des  gorges  sont  caraetdrisds  par 
une  variation  importante  du  rotationnel  stationnaire 
(rdf.  14)  et  constituent  done  une  source  potentielle  de 
couplage  par  le  second  teme  de  I’dquation  3.9  ;  on  peut 
aussi  noter  que  la  marche  descendante  est  une  situation 
typique  favorisant  I’dmission  tourbillonnaire  et  incriminde 
en  particulier  sur  certains  statordacteurs.  la  figure  17 
pro^se  un  sednario  pour  cette  situation  :■ 

les  tourbillons  naissent  sur  Tangle  vif  du  chargement. 

-  les  tourbillons  sont  conveetds  par  Tdcoulement,  se 
ddveloppent  et  s’organisent  (ou  de  ddsorganisent...). 

-  les  tourbillons  impactent  le  fond  arridre  du  moteur  ou 
sont  avalds  par  la  tuydre  ;  dans  les  deux  cas  une  onde 
progressive  est  produite  et  remonte  Tdcoulement 
stationnaire. 

-  Tonde  est  rdfldchie  par  le  fond  avant,  les  ondes 
progressives  descendant  et  remontant  i’dcoulement 
interagissent  avec  Tdmission  tourbillonnaire. 

-  le  couplage  se  ddveloppe  et,  si  les  conditions  favorables 
sont  rdunies,  un  phdnomdne  oscillatoire  s’entretient. 


1  Naissance  des  louMons 

2  Ddveloppement.  organisation,  convection  des  touitillons 

3  Impact  des  touitillons 

4  Onde  progressive  de  relour 
6  Rdllexion  de  tonde 

6  Couplage  acoustique  ■  dmisslon  touiblllonnaire 
Figure  17  -  Mdcanismes  de  remission  tourbillonnaire 


3.I.2.2.  Aporoche  lindaire  de  Tdmission  tourbillon- 
naire  acoustiquement  couplde 

Le  phdnomdne  d’ensemble  prdsente  une  juxtapo¬ 
sition  d’dvdnements  convectifs  et  de  propagations 
d’ondes ;  les  observations  mettent  par  ailleurs  en  dvidence 
des  effets  non-lindaires.  Aussi  peut-on  Idgitimement 
s’interroger  sur  la  possibilitd  d’une  description  lindaire  de 
mode  stationnaire  qui  permettrait  de  compldter  le  bilan 
acoustique.  Cest  toutefois  une  ddmarcbe  qui  a  tentd 
plusieurs  chercheurs  et  notaminent  G.A.  Flandro  (rdf.  53 
et  60),  pour  des  raisons  pratiques  dvidentes,  et  qui  sous- 
entend  quelques  hypoth^  simplificatrices ;  le  couplage 
entre  Tacoustique  et  Tdmission  tourbillonnaire  n’est  rdali^ 
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qu’il  la  source,  ce  qui  £vite  de  prendre  en  compte  route 
modification  par  te  champ  oscillatoire  de  la  phase  de 
diveloppement  (r£f.  61)  ;  le  ph6nom6ne  d'impact  est 
assimild  &  une  source  acoustique.  Les  risultats  ne  peuvent 
done  dtre  qu’approchds  et  coastituent  plutdt  un  guide  p'  ur 
une  recherche  plus  prdcise.  Suivons  la  ddmarche 
thdorique  :■ 

le  champ  stationnaire  de  I’dcoulement  dtant  supposd 
prdalablement  calculd,  un  profil  de  vitesse  longitudinal 
pent  dtre  dtabli  au  point  suspeetd  d'dmission  des 
tourbillons  ;  I’dpaisseur  caraetdristique  de  la  couche 
cisaillde  est  un  paramdtre  important  puisqu’il 
conditionne  le  gradient  transversal  de  la  vitesse  longi- 
tudinale  qui  intervient  directement  dans  la  prdvision  de 
I'instabilitd  hydrodynamique. 

-  la  rdsolution  de  I’dquation  d’Orr-Sommerfeld,  ou  de 
I’dquation  de  Rayleigh  dans  le  cas  de  G.A.  Handro, 
conduit  i.  la  frdqiience  critique  -Per  correspondant  i 
I’onde  la  plus  instable  ainsi  qu’aux  caraetdristiques 
pnncipales  de  cette  onde  dont  sont  ddduites  la  vitesse  de 
convection  des  tourbillons  et  leur  amplification  spatiale. 
La  solution  n’est  ddfinie  qu’i  une  constante  multipli¬ 
cative  pris. 

'-  le  couplage  se  rdalise  par  I’intermddiaire  de  I’dquation 
lindaire  ddduite  de  (3.19),  pour  laquelle  on  ne  retient 
que  le  terme  faisant  intervenir  le  rotationnel  de  I’dcou- 
lement  stationnaire,  et  permet  de  calculer  la  constante 
multiplicative.  La  composante  mstationnaire  du 
rotationnel  est  alors  exprimde,  elle  est  proportionnelle  H 
la  pression  acoustique  et  au  rotationnel  stationnaire  au 
point  d’dmission. 

•  i'impact  des  tourbillons  est  traduit  en  terme  de  source 
d’un  "pseudo-son”  d’amplitude  4  la  frdquence 
critique  puis  le  terme  du  bilan  acoustique  est  ddduit 

-  eaf  (  ,  (3.10) 

•2En  Jsr 

oO  ^  est  la  surface  d’impact. 

^  L’dmission  tourbilloiinaire  n’est  ddstabilisante  que 
si  p,  et  Uh  sont  en  opposition  de  phase. 

L’appiication  de  cette  thdorie  a  dtd  rdeemment 
effectude  &  I’ONERA  pour  le  MPS  d’Ari'  e  5  et  montre 
une  grande  sensibilitd  du  calcul  aux  donndes  d’entrde 
profil  de  vitesse,  condition  d’impact...  L’amplification 
spatiale  provenant  du  calcul  est  tout  &  fait  dnorme  et 
certainement  trds  surestimde  ;  les  ddphasages  entre 
dmission  et  impact  demandent  en  outre  i  itre  prdcisdment 
calculds.  Quelles  que  soient  ses  limites  prddictives,  cette 
mdthode  prdsente  toutefois  I’intdrdt  de  mettre  en  dvidence 
les  occurrences  de  couplage  par  I’examen  des  dcarts  entre 
frdquences  de  modes  et  frdquences  d’dmission  et  des 
ddphasages  entre  ^  et  . 

3.I.2.3.  Calcul  numdrique 

La  non-lindaritd  intrinsdque  du  couplage 
acoustique-dmission  tourbillonnaire  rend  attractive  le 
recours  au  calcul  numdrique.  Un  premier  travail  a  dtd 
rdalisd  par  P.H.  Shu  et  al  (rdf.  59)  sur  une  gdomdtrie 
reprdsentative  d’un  moteur  segmentd,  par  I'intdgration  des 
equations  de  Navier-Stokes  bidimensionnelles  incompres- 
sibles  ;  le  moddle  est  soit  laminaire  soil  turbulent  ft  deux 
dquations  de  transport.  La  frdquence  d’dmission  observde 
ei^drimentalement  est  assez  bien  retrouvde  ainsi  que  sa 
ddpendance  avec  le  nembre  de  Reynolds  ;  on  peut 
toutefois  penser  que  I’hypothdse  incompressible  rend 
hypothdtique  tout  couplage.  Un  travail  plus  rdeent  de 
j’ONEivA,  piciiminaire  ft  I’applicafion  MPS  Ariane  5,  est 
illustrd  par  la  figure  18  (rdf.  62).  Le  moteur  est  axi- 


symdtrique,  avec  un  profil  de  chargement  prdsentant  un 
angle  vif  situd  H  mi-longueur  de  chambre.  Le  calcul  est 
effectud  dans  la  chambre  et  la  tuydre  par  intdgration  des 
dquations  de  NaWer-Stokes  lammaires  et  en  deux  temps  :< 
un  dtat  stationnaire  est  d’abord  recherchd  en  utilisant  I  'e 
forte  viscositd  artificielle  puis  la  viscositd  artificielle  est 
quasiment  annulde.  Un  maillage  fin  (environ 
10000  mailles)  et  resserrd  prds  de  Tangle  du  profil  a  dtd 
utilisd.  Des  tourbillons  apparaissent  dans  la  seeonde  partie 
du  calcul ;  dmis  pdriodiquement  de  Tangle  vif  du  profil,  ils 
se  ddplacent  vers  la  tuydre  oil  ils  sont  avalds.  La  pression 
s’organise  de  fa(on  oscillatoire.  Les  rdsultats  prdliminaires 
obtenus,  dont  Tanalyse  se  poursuit,  semblent  prouver  que 
le  calcul  numdrique  peut  servir  d  la  prdvision  d’un  mode 
d’instabilitd  impliquant  une  dmission  tourbillonnaire. 


Qdomdiiie 


Champ  ins'antand  du  rotationnel 


Pression  au  fond  avant 


Figure  18  •  Calcul  du  couplage  acouslique-dmission  tourbillonnaire 


3.U.  Comportement  instationnaire  de  la  tuvdre 


La  tuydre  intervient  de  manidre  significative  dans 
le  bilan  acoustique  et  constitue  Torigine  d’une  perte 
acoustique  pour  les  modes  longitudinaux  ;  le  rdle  de  la 
tuydre  dans  les  modes  tangentiels  est  par  centre  plus 
complexe.  Le  bilan  acoustique  fait  apparaltre  une 
admittance  d’entrde  de  tuydre  qui  doit  dtre  calculde 
inddpendamment.  Les  bases  de  ce  calcul  ont  dtd  dtablies 
depuis  longtemps  et  des  codes  sont  universellement 
opdrationnels.  Cinq  probldmcs  sc  posent  cependani  a 
Tutilisateur  :■ 

-  choix  du  plan  de  fermeture  de  la  cavitd  acoustique, 

-  rfile  des  oscillations  d’entropie  d  Tentrde  de  la  tuydre, 

-  incidence  des  caraetdristiques  ddtailldes  de  Tdcoulement 
moyen  sur  Tadmittance  de  tuydre, 

-  effets  bidimensionnels  de  tuydre, 

-  non-lindaritds  pour  des  amplitudes  importantes  d’oscif- 
lations. 
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Le  traitement  des  non-Iiniarit£s  peut  itre  rdsolu 
par  le  calcul  numirique.  Les  effets  bidimensionnels 
peuvent  itre  partiellement  pris  en  compte  par  un 
traitement  pseudo  mono-dimensionnel  (rif.  63)  de  l'6cou- 
lement  stationnaire.  Les  oscillations  d'entropie  peuvent 
itre  caract6ris6es  par  une  coadmittance  en  description 
monodimensionnelle. 

Nous  d6tailIerons  ici  deux  problimes  pratiques  ti6s 
&  I’application  du  bilan  acoustique  ;  le  choix  du  plan  de 
fermeture  de  la  cavit6  et  la  possibilitd  de  ddfmir  une 
admittance  d’entrde  uniforme  dans  le  plan  de  fermeture. 
L'incidence  du  caractdre  rotationnel  de  I’dcoulement 
stationnaire  peut  Stre  quant  &  lui  apprdcid  en  rdalisant  un 
calcul  coupid  de  la  chambre  et  de  la  tuydre  ;  un  tel  calcul 
dlimine  de  plus  toute  difficultd  de  raccordement  (para- 
graphe  4.3.2.). 

3.1.3.1.  Choix  du  plan  de  fermeture  de  la  cavitd 

Ce  probldme  a  dtd  dtudid  par  F.  Vuillot  i 
Toccasion  de  I’application  du  bilan  acoustique  au  moteur 
de  la  figure  8,  dont  certaines  variantes  comportaient  des 
convergents  de  tuydre  d’une  longueur  assez  forte  par 
rapport  d  la  longueur  de  la  chambre  (rdf.  64).  La 
frdquence  et  I’amortissement  s’avdrent  alors  sensibles  d  la 
position  du  plan  de  fermeture,  mdme  si,  conformdment 
aux  hypothdses  de  base,  le  nombre  de  Mach  de  I’dcou- 
lement  moyen  reste  trds  infdrieur  d  1.  Pour  diffdrentes 
positions,  le  champ  acoustique  change  en  effet  et  les 
intdgrales  du  bilan  acoustique  en  sont  affectdes  .  Une 
modification  du  calcul  du  champ  acoustique  est  proposde 
en  rempla^ant  I’hypothdse  d’une  admittance  nulle  dans  le 
plan  d'entrde  de  la  tuydre  par  une  relation  lindaire 
entre  Pk  la  partie  imaginaire  de 

I’adnuttance  de  tuydre.  Le  bilan  acoustique  ainsi  modifid 
montre  une  insensibilitd  de  la  frdquence  acoustique  d  la 
position  du  plan  de  fermeture  et  une  sensibilitd  rdduite  de 
I’amortissement.  La  modification  proposde  ne  devrait  pas 
induire  de  difficultd  majeure  dans  le  calcul  des  modes 
acoustiques  de  gdomdtries  complexes. 

3.1.3.2.  Uniformitd  de  I'admittance  de  tuvdre  dans  le 
plan  de  fermeture 

Cette  question  a  dtd  dtudide  numdriquement  par 
G.  Avalon  et  F.  Vuillot  (rdf.  65).  Les  dquations  bidimen- 
sionnelles  d’EuIer  sont  rdsolues  dans  une  tuydre  ;  I’dcou- 
lement  stationnaire  est  tout  d’abord  recherchd  puis  un 
mode  acoustique  stationnaire  est  dtabli  grdce  d  une 
modification  des  conditions  d’entrde.  Les  signaux  insta- 
tionnaires  sont  ensuite  exploitds  par  transformde  de 
Fourier.  La  figure  19  donne  quelques  rdsultats  pour 
I’admittance  adimensionnde  dans  un  plan  d’entrde  : 

Y-  po  4  -  A,.  (3.11) 

P 

Les  rdsultats  de  I’analyse  bidimensionnelle  sont 
compards  k  ceux  de  I’analyse  monodimensionnelle  qui  se 
ramdne  classiquement  d  I’intdgration  d’une  dquation  de 
Riccati.  On  constate  que  les  dcarts  restent  moddrds  mais 
que  les  effets  bidimensionnels  ne  sont  pas  entidrement 
ndgligeables  lorsque  le  divergent  est  trds  abrupt,  I’dcou- 
lement  stationnaire  restant  irrotationnel  (voir  aussi 
paragraphe  43.2). 

.i.1.4.  Aspe.tt.bipliasiquc  dt  rdcoulcment 

Une  onde  acoustique  est  dispersde  attdnude  par 
une  suspension  de  particules  et  le  probldme  dldmentaire 
de  la  ^rte  acoustique  db  ft  'la  phase  condensde  des 
produits  de  combustion  d’un  propergol  mdtallisd  a  re^u 
une  rdponse  depuis  plus  de  vingt  ans  (rdf.  66).  Le 
phdnomdne  est  intimement  lid  aux  dchanges  irrdveisibles 
de  quantitd  de  mouvement  et  de  cbaleur  entre  phases. 


Figure  19  •  Oalculs  bidimensionnels  de  I'admiilance  de  tuydre 


L’hypu'bdse  est  commandment  admise  que  les  particules 
sont  suffisamment  rines  pour  que  I’dquiiibre  biphasique 
entre  phases  soit  rdalisd  localement  dans  I’dcoulement 
stationnaire ;  les  dquations  instationnaires  du  mouvement 
des  particules  peuvent  dtre  lindarisdes  et  conduisent  :• 


-  pour  la  contribution  de  la  tralnde  ft  un  terme  propor- 
tionnel  ft ; 

(3.12) 

E'm 

-  pour  la  contribution  du  transfert  thermique,  souvent 
nduigde,  ft  une  expression  Ob,  aprds  simplification  par 
Ek  ,  le  champ  pC  n’intervient  plus. 


L’amortissement  biphasique  est  ddpendant  de  la 
frdquence,  de  la  taille  des  particules,  de  leur  masse 
volumique  et  de  la  pioportion  de  phase  condensde  dans 
les  produits  de  combustion.  Pour  la  contribution  de  la 
tralnde  et  des  particules  de  diamdtre  uniforme,  le 
maximum  d’amortissement  sera  obtenu,  selon  la  thdorie 
dldmentaire,  pour ; 


«  edt  «  4  (3.13) 

La  thtorie  du  ph6nomine  n'a  pas  connu  de 
progrds  rdcents  mais  on  ^ut  signaler  quelques  problimes 
qui  subsistent  ou  qui  sont  apparus  ft  la  suite  des  ddvelop- 
^ments  rdalisds  par  ailleurs : 


-  distribution  de  la  phase  condens^e  :  la  phase  condensde 
est  suppos6e  rdpartie  uniformdment  dans  le  moteur. 
Cette  approximation  n’est  vaiable  que  pour  les  gros 
propulseurs  t  ies  goutteiettes  d’aiuminium  brOIent  sur 
une  certaine  distance  et  torment  les  particules  d’alumine. 
En  consequence,  il  existe  pris  de  la  surface  des  goutte¬ 
iettes  dont  le  diamitre  est  de  I'ordre  100  fim  et  au 
centre  de  ia  cavite  une  large  distnbution  des  particules, 
entre  0,1  et  quelques  dizaines  de  /im.  L’hypothese  d’une 
repartition  uniforme  de  la  phase  condensde  tend,  pour 
des  modes  eiementaires,  it  surestimer  I'amortissement 
(ref.  67)  ;  les  petits  moteurs  doivent  logiquement  Stre 
plus  sensibles  It  cet  effet. 

-  granulometrie  de  la  phase  condensde  >:  la  phase 
condensee  est  caracterisee  par  le  carre  d'un  diamitre 
moyen  des  particules.  Or  d  n’existe  pas  de  donnees 
experimentales  sur  moteur  de  la  granulometrie  de  la 
phase  condensee  dans  la  chambre  mais  des  donndes 
obtenues  dans  des  conditions  differentes  de  temps  de 
sejour,  par  example  par  captation  des  particules  issues 
de  ia  combustion  d’un  echamillon.  L’incertitude  des 
calculs  est  done  forte.  Un  autre  problime  tient  au  fait 
que  les  particules  d’alumine  sont  liquides  it  la  tempe¬ 
rature  des  produits  de  combustion  et  done  susceptibles 
de  s’agglomerer  au  cours  de  leur  evolution  dans  la 
chambre  par  le  jeu  des  gradients  de  I’ecoulement 
stationnaire  et  des  fluctuations  turbulentes  ;  I’agglome- 
ration  pourrait  etre  favorisee  par  une  instabilite. 

-  iois  de  trainee  et  de  transfert  thermique  des  particules  : 
I’adoption  de  la  loi  de  Stokes  et  d’un  nombre  de  Nusselt 
egal  it  2  est  coherente  avec  I’approche  lineaire  ;  ies 
calculs  numeriques  indiquent  une  assez  forte  sensibiiite 
au  choix  de  Iois  de  trainee  et  de  transfert  thermique  plus 
generales. 

'-  calcul  des  integrates  I’existence  d’une  couche  limite 
acoustique  induit  un  champ  de  vitesse  instationnaire  qui 
peut  etre  notablement  different  du  champ  de  vitesse 
acoustique.  L’influence  de  cet  ecart  sur  I’amortissement 
dO  it  la  phase  condensee  doit  etre  plus  marque  pour  ies 
gros  propulseurs  (la  couche  limite  se  developpe 
largement  dans  la  cavite  pour  les  modes  longitudinaux) 
et  pour  le  terme  de  trainee  (I’integrale  porte  sur  tuMt*). 
Des  calculs  numeriques  simples  devraient  permettre 
d’estimer  cet  effet. 

On  notera  que  le  changement  de  granulometrie 
entre  les  goutteiettes  ou  agglomerats  d’aiuminium  quittant 
la  surface  de  combustion  et  les  particules  d’alumme 
formees  a  ete  dejit  pris  en  compte,  sous  I’appellation  de 
combustion  distribuee,  pour  expliquer  certains  resultats 
sur  propulseur  en  T  (ref.  68  it  70).  Pour  les  tris  basses 
frequences  caracteristiques  des  moteurs  segmentes,  on 
peut  egalement  s’interroger  sur  le  rdie  respectif,  dans 
I’amortissement  des  instabilites,  des  goutteiettes  d’aiu¬ 
minium  et  des  particules  d’alumine  car  la  formula  (3.13) 
priviiegie  les  diametres  de  quelques  dizaines  de  um. 

3.2.  Phenomenes  de  combustion 

La  combustion  du  propergol  determine  les 
conditions  iimites  du  problime  aerodynamique.  L’oscil- 
iation  locale  des  grandeurs  aerodynamiques  en  surface  de 
combustion  induit  une  modification  du  debit  unitaire  des 
produits  de  combustion  et  de  leur  temperature  d’arrdt ;  on 
parle  alors  de  rdpoase  instationnaire  du  propergol.  La 
combustion  des  goutteiettes  d’aiuminium  produite  en 
surface  de  combustion  presente  par  contre  une  cinetique 
de  volume  et  il  est  permis  de  s’interroger  sur  ses  caracte¬ 
ristiques  instationnaires. 


3.2.1.  Reponse  du  propergol  aux  oscillations  de 
I’ecoulement 

Historiquement,  les  travaux  sur  la  reponse  du 
propergol  ont  suivi  une  demarche  paraiieie  &  ceux  sur  la 
combustion  stationnaire.  La  reponse  du  propergol  aux 
oscillations  de  la  pression  statique  a  d’abord  ete  etudiee 
car  il  s’agit  d’une  propriete  intrinsique  du  propergol  et 
qui  peut  tire  determinee  independamment  du  fonction- 
nement  d’un  moteur.  La  rdponse  aux  oscillations  des 
autres  grandeurs  de  I’ecoulement  a  ete  resumee  dans  le 
terme  de  couplage-vitesse  et  constitue  I’equivalent  insta- 
tionnaire  de  la  combustion  erosive  stationnaire  ;  le 
couplage-vitesse  oblige  par  principe  &  traiter  simul- 
tanement  les  mecanismes  de  combustion  et  le  champ 
aerodynamique  local,  comme  pour  la  combustion  erosive, 
et  il  s’agit  d’une  propriete  qui  n’est  plus  intrinseque  du 
propergol  mais  qui  doit  associer  le  propergol  et  I’ecou- 
lement.  Dans  ces  conditions,  les  recherches  sur  le 
couplage-vitesse  ont  ete  tris  dependantes  de  la  description 
de  recoulement  adoptee,  monodimensionnetle  ou  multi- 
dimcnsionnelle,  et  ont  donne  lieu  aux  mSmes  tdton- 
nements  que  la  combustion  erosive. 

L’etude  des  reponses  du  propergol  necessite  de 
traiter  sequentieilement  le  comportement  instationnaire  de 
la  phase  condensee  et  celui  de  la  phase  gazeuse,  siege  des 
flammes.  La  phase  condensee  reqoit  un  flux  thermique  de 
la  zone  de  flamme  et  ce  sont  les  mecanismes  de 
conduction  couples  e  ceux  de  la  degradation  en  phase 
condensee  qui  provoquent  une  modification  instationnaire 
de  la  vitesse  de  combustion  ;  pour  la  phase  condensee, 
toute  modification  du  flux  thermique  est  equivalenie  en 
premiere  approximation,  qu’elle  soit  due  i  un  effet  de 
pression  ou  e  un  effet  de  "vitesse".  11  en  va  autrement 
pour  la  phase  gazeuse  oil  deux  effets  peuvent  se  super¬ 
poser  :■  la  pression  agit  directement  sur  la  cin6tique 
chimique  tandis  que  le  champ  aerodynamique  doit  etre 
pris  en  compte  e  un  autre  niveau.  II  semble  raisonnable 
de  supposer  que  le  champ  aerodynamique  se  manifeste, 
comme  en  combustion  erosive  stationnaire,  dans 
I’interaclion  de  la  turbulence  et  des  flammes,  par  I’inter- 
n-.ediaire  d’une  modification  des  parametres  de  transfert. 

Dans  le  cadre  d’une  analyse  lineaire,  il  est  legitime  de 
postuler  que  les  reponses  au  couplage-pression  et  au 
couplage-vitesse  sont  additives  mais  I’existence  d’un 
couplage-vitesse  lineaire  reste  contreversee. 

Le  couplage-pression  a  donne  lieu  k  de  nombreux 
travaux  Iheoriques  et  experimentaux  et  peut  etre  considdre 
comme  assez  bien  connu  ;  une  faiblesse  de  certaines 
mdthodes  experimentales  est  toutefois  d’utiliser  en  mode 
inverse  le  bilan  acoustique  et  done  de  faire  porter  sur  le 
couplage-pression  toutes  les  incertitudes  de  la  description 
thdorique  de  depart.  Le  couplage-vitesse  a  souvent  dtd 
etudie  en  liaison  avec  une  description  monodimen- 
sionnelie  de  I’r.coulement  et  une  tendance  gendrale  a  ete 
de  lui  faire  poner  le  poids  de  ce  qui,  dans  les  experiences, 
ne  pouvait  etre  attribud  au  couplage-pression  (rdf.  71).  Il 
apparalt  que  la  description  monodimensionnelle  ne 
possdde  pas  la  coherence  interne  suffisante  pour  donner 
une  comprehension  claire  du  couplage-vitesse  (rdf.  72)  et 
qu’il  faut  passer  &  la  description  bidimensionnelle  pour 
parvenir  4  une  maltrise  satisfaisante  de  ce  coupiage 
mystdrieux.  Cette  demarche  est  exactement  celle  qui  a 
permis  de  dominer  ia  combustion  drosive  stationnaire  et, 
comme  pour  cette  dernidre,  I’objectif  prioritaire  devrait 
dtre  la  mise  au  point  d’un  moddle  de  paroi  dvitant  le 
recours  it  des  maillages  trop  resserrds  pour  le  traitement 
numdrique  complet  de  I’instabilitd.  Ce  moddle  de  paroi  ne 
peut  dtre  dtabli  avant  que  la  couche  limite  acoustique  ait 
re;u  une  description  gdndrale  couvrant  toutes  les  appli¬ 
cations  pratiques. 
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3.2.2.  Combustion  instalionnaire  des  goutteleites 

dlaluminium 

Le  problime  de  la  combustion  distribute  de 
raluminium  a  d6j&  ttt  tvoqut  (rtf.  68  i  70)  i  I’occasion 
de  I’examen  de  i’amortissement  dO  aux  phases  condenstes. 
La  combustion  instationnaire  en  volume  est  connue  pour 
entretenir  les  instabilitts  des  systtmes  it  combustible  ou 
propergol  liquide  (rtf.  1).  Aussi  doit-on  s’interroger  sur  la 
possibilitt  d’une  participation  de  la  combustion  de 
I’aiuminium  aux  instabiiitts.  La  visualisation  de  la 
combustion  stationnaire  d’un  tchantillon  de  propergol 
montre  que  les  agglomtrats  d'aluminium  brOlent  de 
manitre  isolte,  principalement  par  une  flamme  de 
diffusion ;  la  combustion  se  fait  tgalement  en  dtstquilibre 
de  Vitesse  avec  la  phase  gazeuse,  la  flamme-enveloppe  ne 
posstde  pas  une  symttrie  sphtrique  et  le  mouvement  des 
gouttelettes  est  assez  irrtgulier.  II  faudrait  ttablir  un 
modtie  de  combustion  des  gouttelettes  d’aluminium, 
recalt  par  rapport  aux  observations  pour  le  stationnaire, 
puis  tter.du  par  le  calcui  pour  i'instationnaire,  comme  cela 
est  actuellement  rtalist  pour  les  goutteiettes  d’ergols 
liquides.  Ceci  devrait  permettre  d’ttabiir  les  relations 
entre  les  oscillations  de  dtbit  et  de  dtgagemem  de 
chaleur  avec  les  oscillations  de  la  pression  et  de  la  vitesse 
du  gaz,  puis  de  rtintroduire  sous  forme  de  termes  sources 
ces  contributions  dans  le  bilan  acoustique.  Cette  demarche 
ne  devrait  pas  poser  de  problime  de  principe  au  niveau 
formel  mais  se  heurtera  probablement  it  de  grandes 
difficult6s  exp6rimentales  de  validation. 

4.  TRAVAUX  REGENTS  DE  L’ONERA 

Les  trois  exemples  s6lectionn6s  correspondent  k 
des  situations  de  complexity  croissante  et  faisant  appel  it 
des  moyens  numtiriques  de  plus  en  plus  sophistiquys.  Le 
premier  exempie  s’intyresse  H  un  aspect  thyorique  des 
mstabilitys  en  volume.  Le  second  exempie  porte  sur 
I’analyse  linyaire  de  I’instability  longitudinale  d’un 
propulseur  sans  tuyyre.  Le  troisiyme  exempie  illustte  la 
simulation  numyrique  bidimensionnelle  d’un  moteur 
axisymytrique. 


La  syparation  des  parties  ryelle  et  imaginaire 
conduit  k  :■ 

,  (4.2) 

0 


(4.3) 


La  frontiyre  de  stability  est  done  atteinte  lorsque  :• 

^  /  (4.4) 

ce  qui  dyfinit  la  fryquence  siTa  partie  ryelle  de  la  ryponse 
est  connue  en  fonction  de  la  fryquence,  ^  pression  donnye, 
et  en  tenant  compte  de  >  0. 

Le  temps  de  syjour  li  s’en  dyduit  par  :■ 

Des  expressions  plus  explicites  de  la  frontibre  dc 
stability  peuvent  ytre  rccherchyes  si  la  ryponse  en 
combustion  du  propergol  peut  s’exprimer  analytiquement, 
par  exempie  par  le  modyie  &  deux  paramytres  A  et  B,  et 
au  prix  de  quelques  simplifications  suppiymentaires 
comme  par  exempie  le  dyveloppement  au  second  ordre  de 
la  ryponse  en  fonction  de  la  fryquence  complexe.  Le 
rysultat  le  plus  connu  est  que  la  frontlire  de  stability  dans 
le  plan  pression  p-longueur  caractyristique  L*  peut  dtre 
reprysentye  par  ;•  ^ 

L*  p  =  constante,  (4.6) 

oil  n  est  I’exposant  de  pression  du  propergol. 


Les  observations  ryalisyes  sur  diffyrents  propergols 
composites  indiquent  que  la  frontiire  de  stability  prysente 
parfois  une  forme  plus  complexe  que  pryvu,  notamment 
pour  des  propergols  fortement  chargys  en  aluminium. 
Certains  mycanismes  ychappant  a  la  description  thyorique 
mise  en  oeuvre  peuvent  ytre  incriminys  et  en  particulier 
la  combustion  distribuye  de  I’aluminium  dans  la  chambre. 


Le  travail  a  porty  id,  sans  remettre  en  cause  le 
cadre  thyorique  classique,  sur  I’influence  d’une  hypotbise 
implidtement  admise  et_ryfutye  a  posteriori  par  les 
rysultats,  h  savoir  que  |«^l>  >  1  alors  que  les  calculs 
indiquent  plutdtliu&l=  O  (1). 


4.1.  Recherche  thyorique  sur  la  frontiyre  de  stability 

pour  I’instability  de  volume 

4.1.1.  Qbisclifs 

L’instability  en  volume  n’est  observye  qu’y  basse 
pression  et  ne  prysente  done  qu’un  intyryt  pratique  iimity 
pour  les  moteurs  it  propergol  solide  classiques  ;  on  peut 
toutefois  signaler  que  certains  gynyrateurs  i  semi- 
propergol  de  statofusye  sont  sensibles  y  ce  type  d’insta- 
bility  et  que  I’utilisation  de  la  technique  du  moteur  en  L* 
permet  d’accyder  y  la  ryponse  du  propergol  y  basse 
pression. 

L’analyse  thyorique  linyaire  de  I’instability  en 
volume  est  relativement  simple  et  dybouche  sur  des 
relations  analytiques,  comme  rappeiy  dans  la  ryfyrence  3. 
Dans  sa  forme  la  plus  rypandue,  la  relation  de  base 
s’yerit,  en  notation  complexe  :• 

=  ,  (4.1) 

oil  Re  est  la  ryponse  en  combustion  du  propergol  au 
couplage-pression, 

V  est  I’exposant  isentropique  des  produits  de 
combustion, 

<o  est  la  pulsation  complexe  2Trf-4<r, 

Ta  est  le  temps  de  syjour  des  produits  de  combustion 
dans  la  chambre. 


4.1.2.Descriplion  mathymatique  du  probiyme 

La  linyarisation  des  yquations  instationnaircs  poui 
les  bilans  de  masse  et  d’ynergie,  compte  tenu  des 
conditions  limites,  conduit  y  :■ 

(4+ia>r«)Rnp  4.(b,S4cut«)RTr  _  (4j) 

U  , 

oh  R^est  la  ryponse  en  dybit  du  propergol, 

Ripest  la  ryponse  en  tempyrature  de  flamme  du 
propergol  (ryf.  26). 

Cette  yquation  se  ryduit  y  (4.1)  si  |a>iil  >  >  1, 
avec  Rc  »  Rhp-^Rtp  et  Rtp  dypend  de  Rmpar  :■ 

R^  =  J>CRMP-n)  (4.8) 

La  relation  (4.7)  ne  permet  pas  de  syparer  comme 
prycydemment  le  rOIe  respectif  des  parties  ryelle  et 
imaginaire  de  la  ryponse  en  combustion,  aussi  convient-il 
de  procyder  autrement.  Le  modile  y  deux  paramitres  A 
et  B  sera  adopty  pour  dycrire  la  ryponse  ; 


a  nABa 

Kmp  - - ; -  t 

(4.9) 

S*-S  =r  t  J2  ,  a*’  >o 

(4.10) 

(4.11) 

Cette  expression  invite  y  poser  v 

(4.12), 
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oCi  K  est  le  rapport  du  temps  de  s£jour  au  temps 
thermique  a/;)‘  caract^ristique  de  la  combustion 
stationnaire. 


L’6quation  (4.7)  peut  done  4tre  r^^crite  sous  une 
forme  adimensionnelle  :• 
n  ABa 

II  s’agit  d'une  £quatior.  algibrique  du  sbdin.e 
degr£  en  s  ob  apparaissent  6  parambtres  ;• 

■  n,  exposant  de  pression  de  la  vitesse  de  combustion, 

-  A,  B  et  D,  li£s  au  module  de  combustion  adopts, 

-  Tf ,  exposant  isentropique  ues  produits  dc  combustion, 

•  K,  parambtre  de  Damkohler. 

Les  solutions  de  I'^quation  (4.13)  ont  fait  I’objet 
d’une  recherche  syst^matique  en  deux  itapes  :■ 

-  calcul  direct  des  racines,  permeltant  par  deduction  la 
determination  de  la  pulsation  complexe  32  pour  tout  jeu 
des  parambtres, 

-  retablissement  d'un  precede  autorisant  I’accbs  direct  i 
la  frontiere  de  slabilite,  K  etant  alors  determine  en 
function  des  autres  paramblres. 

Les  domaines  de  variation  des  parambtres  ont  ete 
pris  assez  larges  et  representatifs  des  applications  :• 


•  n 

•  A 
-  B 


de  0.3  b  0,6. 
deSb  11. 

de  1,1  i  2,3  B,  etant  defini  pai  ;■ 


» t  + 


■|-Vt48A 


II  a  en  effet  ete  demontre  que  la  partie  reelle  de  la 
reponse  ne  pouvait  presetiter  un  maximum  que  pour 
les  valeurs  de  B  superieures  si  B,. 


-  D  ■  de  0,05  a  0,15. 

•  -S'  ■  de  1,15  a  1,25. 

-  K  de  0  a  5,  pour  la  premiere  etape  du  calcul. 


4.1. .3,  ! 


Les  racines  complexes  d’une  equation  algebrique 
da  sixieme  degre  a  coefficients  reels  sont  reelles  ou  deux 
a  deux  conjuguees.  Des  considerations  physiques 
permettent  de  reduire  le  nombre  maximal  de  solutions 
admissibles  a  3.  Certaines  solutions  ne  sont  valables  que 
dans  un  domaine  borne  de  K,  soit  inferieurement  soit 
superieurement.  Les  resultats  permettent  d’ideiitifier  trois 
modes  d’instabilite 


-  un  mode  harmonique  toujours  stable, 

-  un  mode  stable  transitant  de  I’harmonique  a  I’expo- 
nentiel, 

-  un  mode  passant  par  les  phases  successives  suivantes, 
lorsque  K  croit  :•  instable  exponentici,  instable  harmo¬ 
nique,  stable  harmonique,  stable  cxponentiel.  Ce  demier 
seul  correspond  a  une  frontiire  de  stabilite, 

4.1.4.  Frontiere  de  slabilite 

La  frontiere  de  stabilite  est  caracterisee  parefe  0 
ou  SI  reel.  La  variable  auxiliaire  s  reste  cependam 
complexe  ;  il  est  done  interessant  de  faire  un  changement 
de  variable  ;  S  =  s  T,  ob  S  est  reel  etlZ  s’exprime  par  :• 


J2-^Vs(s-i)Ys-£)  ^  s^e 

La  separation  des  parties  reelle  et  imaginaire  de 
requation  (4.13)  conduit  b  deux  equations  algebriques  du 
Sibme  degre  en  S  et  du  second  de^e  en  K,  equations  qui 
doivent  posseder  une  solution  coiiunune.  Ces  equations 
peuvent  btre  rbecrites  sous  la  forme  de  deux  equations  du 
second  degre  pour  H  =  K(S-l)/2,  b  coefficients 
dependant  de  S.  La  relation  de  compatibilite  des  deux 
equations  du  second  degrb  conduit  b  une  equation  du 
huitiime  degre  en  S  qui  ne  peut  6tre  resolue  que  numeri- 
quement  ;  on  deduit  pour  chaque  racine  H  puis  K.  La 
selection  des  racines  est  aisee,  puisque  S  doit  btre 
supbrieur  b  2  et  K  positif,  et  conduit  sans  ambiguite  b  une 
solution  unique  pour  tout  jeu  des  parambtres  ou  b 
I’absence  de  solution.  Toute  solution  permet  le  calcul  de 
KJ2=  et  des  rbponses. 

-  influence  deV  •:  pour  A  =  11,  B/B,  =  1,1  et  D  =  0,10, 
les  augmentations  de  C .  K  et  KJ2  restent  modbrees 
lorsque  f  vane  entre  1,15  et  1,25.  Les  variations  deli 
sont  faibles  et  amplifibes  par  les  fortes  valeurs 
de  n  tandis  que  celles  de  K  sont  plus  fortes  et  peu 
sensibles  b  n  ;  K32.  est  par  suite  peu  sensible  b  n.  La 
partie  rbelle  de  R,  reste  toujours  trbs  voisine  de  1,  b 
quelques  pour  cent  prbs. 

-  influence  de  D  :  pour  A  =  11,  B/B,  =  1,1  et  ir=  1,20, 
on  note  tout  d’abord  peu  d’influence  de  n.  fl  tend  b 
diminuer  Ibgbrement,  K  et  Kti  b  augmenter  de  fajon 
moderbe  lorsque  D  passe  de  0,05  b  1,15.  La  partie  rbelle 
de  R,  reste  toujours  voisine  de  1,  b  quelques  pour  cent 
prbs. 

-  inflluence  de  A  et  B  :  pour  T  =  1,20  et  D  =  0,10,  les 
parambtres  A,  B/B,  et  n  ont  btb  balaybs  systbma- 
tiquement  car  les  rbsultats  en  dependent  sensiblement. 
La  synthb.ie  met  en  evidence  qu’b  B/B,  fixb,  KSl  est  peu 
sensible  b  A  et  n  ;  au-delb  d’une  valeur  llmite  de  B/B„ 
il  .n’existe  pas  de  solution.  Cette  valeur  limite  depend 
principalement  de  n,  elle  varie  de  1,45  pour  n  =  0,3  b 
2,59  pour'n  =  0,6  et  correspond  au  fait  que  la  partie 
rbelle  de  la  rbponse  n’atteint  plus  des  valeurs  suffi- 
samment  blevbes.  La  partie  rbelle  de  R,  reste  toujours 
voisine  de  1,  b  quelques  pour  cent  prbs,  lorsque  la 
frontibre  de  stabilite  existe. 

Quelques  rbsultats  sont  prbsentbs  sous  forme 
synthbtique  sur  les  figures  20  et  21.  La  figure  20  donne  la 
partie  rbelle  de  R,  en  fonction  de  B/B,  pour  IT  =  1,20. 
D  =  0,10  et  n  variant  entre  0,3  et  0,6  ;  les  rbsultats  se 
icgroupent  particulibrement  bien  sur  une  courbe  Ibgb- 
rement  evolutive  au  dessus  de  1.  Sur  la  figure  21  est 
reportbe  lOti  en  fonction  de  la  partie  imaginaire  de  R, 
dans  les  mbmes  conditions  ;  b  nouveau  les  rbsultats  se 
regroupent  sur  une  courbe  unique  qui  fait  apparaitre  deux 
faits.  La  premier  est  que  la  courbe  ne  correspond  pas  b  la 
relation  linbaire  (4.5)  de  Ja  thborie  simplifibe.  Le  second 
fait  tient  b  ce  que  tali  ne  dbpasse  pas  1,5  pour 
I’ensemble  des  parambtres  considbrbs  et  done  que  I’inter- 
rogation  de  depart  sur  la  possibilitb  de  simplifier 
requation  (4.7)  est  justifibe. 

A  posteriori,  les  calculs  prbsentbs  ont  btb  repris 
par  la  mbme  procedure  pour  la  thborie  simplifibe  corres- 
pondant  b  I’bquation  (4.1).  Des  hearts  trbs  importants  des 
rbsultats  obtenus  respectivement  par  les  theories 
completes  et  simplifibes  sont  mis  en  evidence  lorsque 
B/B,  tend  vers  la  valeur  limite  au-delb  de  laquelle  la 
frontibre  de  stabilite  disparalt. 
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Figure  20  -  Partie  rOelle  de  la  rOponse  en  combuslion  sur  la 
IrontiOre  de  stability  en  volume 


Figure  21  -  Correlation  enire  totsel  la  parlie  imaginaire  de  la 
rOponse  en  combustion  sur  la  IronliOre  de  slabililO 
en  volume 


4.1.5.  Recapitulation 

La  thiorie  presentee  ne  remet  pas  en  cause  le$ 
conclusions  qualitatives  de  I’approche  classique 

-  la  frontiere  de  stabilite  correspond  i  unc  valeur  de  la 
partie  reelle  de  R,  de  la  reponse  en  combustion  proche 
de  1.  Elle  ne  pent  done  exister  pour  toute  courbe  de 
reponse  ;  si  la  courbe  s’y  pr4te  e’est  la  condition  R,*'’-  1 
qui  determine,  &  une  pression  donnee,  la  frequence  sur 
la  frontiere  de  stabilite. 

-  elle  correspond  dgalement  e  ui.&  valeur  positive  de  la 
partie  imaginaire  de  R,  de  la  reponse  en  combustion, 
valeur  qui  permet  de  calculer  le  temps  de  sejour  ou  la 
longueur  caracteristique  e  une  pression  donnee. 

Cette  theorie  precise  la  sensibiiite  de  la  frontiire 
de  stabilite  aux  paramitres  du  calcul  et  demontre  que  sa 
disparition  pour  les  faibles  valeurs  de  temps  de  sejour  ne 
peut  4tre  exactement  prddite  qu’en  I’absence  de  toute 
simplification. 


4.2.  Instabilite  longitudinale  d’un  moteur  sans  tuvere 

Le  moteur  sans  tuyire  est  un  type  de  moteur 
particulierement  simple  et  de  performances  modestes  qui 
trouve  Tune  de  ses  applications  priviiegiees  dans  I’acceie- 
ration  de  missiles  &  statoreacteur.  Cest  egalement  un 
moteur  dont  I’etude  est  particulierement  delicate  puisque 
son  fonctionnement  est  complitement  dependant  des 
mecanismes  de  combustion  ;  il  constitue  par  consequent 
un  excellent  banc  d’essai  des  connaissances.  Le  fonction¬ 
nement  stationnaire  est  caracterise  par  un  champ  de 
pression  statique  et  de  vitesse  tris  heterogine  et  une 
decroissance  des  pressions  en  fonction  du  temps.  En  fin  de 
fonctionnement,  les  pressions  peuvent  itre  de  I’ordre  de 
quelques  bars  et  il  est  frequent  que  le  fonctionnement 
devienne  oscillatoire  et  conduise  &  une  extinction  suivic  cu 
non  de  riallumage  (fig.  22).  Ce  type  d’instabilit6  est 
intdressant  d’un  point  de  vue  thdorique  mais  n’a  fait 
I’objet  que  de  rares  travaux  (rdf.  6  et  75).  II  prdsente  des 
caraetdristiques  qui  le  rapprochent  d’un  mode  d’instabilitd 
en  volume  il  se  produit  h  basse  pression  et  k  basse 
frdquence,  les  oscillations  de  pression  sont  homogdnes 
dans  le  canal,  mais  dans  la  mesure  seulement  od  .1  s’agit 
des  amplitudes  de  pression  rdduites  e’est-d-dire  rapportdes 
d  la  pression  stationnaire.  D’un  autre  c6td,  ce  type 
d’mstabilitd  dchappe  par  principe  d  la  description 
classique  des  instabilitds  en  volume  puisque  le  nombre  de 
Mach  jde  I’dcoulement  stationnaire  n’obdit  pas  d  I’hypo- 
thdse  n  <  <  1  mais  est  au  contraire  compris  dans  le 
domaine  [0,1].  11  s’agissait  done  de  reposer  rationnel- 
lement  le  probldme  et  de  trouver  une  mdthode  pour  le 
rdsoudre. 


P2  P3 


PI .  P2.  P3  capteurs  de  pression 


Figure  22  -  Exiincllon  nalurelle  d'un  rroleur  sans  tuydre 
par  instabilitd 
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4.2.1. 


4.2.2.  Rdsultais 


Le  probl^me  est  d£crit  par  les  dquations  monodi- 
memionnelles,  en  s’inspirant  de  la  technique  utilisie  pour 
le  calcut  d’admittance  d’entr£e  d’une  tuyere.  La  linea¬ 
risation  porte  umquement  sur  I’hypothese  d’une  faible 
amplitude  des  oscillations  vis-&-vis  des  valeurs  station- 
naires ;  par  contre  le  champ  stationnaire  n’est  pas 
simpline.  Les  amplitudes  sont  rapportees  it  leur  valeurs 
stationnaires  pour  la  pression  et  la  vitesse,  i’entropie  est 
egalement  adimensionnee 

/\J 

=  (4.14) 

P  u  r 

Comme  rappeld  dans  la  reference  6,  la  lineari¬ 
sation  conduit  it  3  equations  differentielles  homogenes 
pour  t?  ,  V  et  s  :■ 

Q'-*-A(^V4AifsS 

5u  ca*-n*)  ^  Ayy  V  -4Ays  S  (4.15) 

u  As<,V^+A,vV  +  AssS 

Les  differents  coefficients  >•••  Aa  apparaissant 
au  second  membre  sont  des  foncttons  des  grandeurs 
stationnaires,  de  la  frequence  complexe  et  des  reponses 
en  debit  et  en  temperature  au  couplage-pression  (on 
neglige  le  couplage-vitesse).  La  lesolution  de  ce  systeme 
necessite  trois  conditions  limites  s 

-  le  systJme  etant  homog4ne,  on  peut  choisir  1  en 
3=»J, 

-  les  equations  font  ^paraitre  deux  smgularites  alge- 
briquespour  3=  0(n=  0,  fond  avant)  et  g=  L(Ft=  1, 
fin  du  canal). 


Un  developpement  analytique  autour  de  chaque 
singularite  donne  les  valeurs  des  inconnues  et  de  leurs 
derivees  en  ces  points  t‘ 


—  ^  ^  "?  I  ^  fit II  AJ  j, 

.M-O  :  V«<«t-S.  /  . 

.  R-  I  ;  s!  =  O  ;  <  -r  sy,'  .■ 


^P,  -  M  -v  s,  -  O  (4.16) 


Ces  valeurs  permeltenj^  d’une  part  de  calculer  les 
inconnues  it  proximite  de  M  =  0  et  de  commencer 
I’integration  numerique  et,  d’autre_part,  de  reporter  la 
condition  (4.16)  un  peu  avant  M  =  1.  L’integration 
numerique  est  realisee  en  nombre  complexe.  La  frequence 
complexe  A>  est  valeur  propre  du  problime  puisqu’elle 
doit  prendre  certaine.  valeurs  pour  que  les  conditions 
limites  en  Kt  =  0  et  vl  =  1  soient  simultanement  satis- 
faites.  Pratiquement,  on  forme  le  systime  adjoint 
d’equations  differentielles  lineaires  bomogines  pour  les 
sensibilites  :• 


a.  *2?!.  a  =22.  9  . 


Ce  systeme  possede  les  mimes  singularites  alge- 
briques  que  le  systime  (4.14)  et  on  peut  determiner  les 
valeurs  des  nouvelles  inconnues  et  de  leius  dirivies  en 
M  =  0. 


L’intigration  numirique  porte  simultaniment  sur 
le  .systime  (4.14)  et  sur  le  systime  adjoint,  en  partant  du 
voisinage  de  -  0  jusqu’4  une  valeur  de  Kl  proche  de  1 
oil  recart  i  0  de  la  condition  diduite  de  (4.16)  est  calculi. 
Partant  d’une  valeur  estimie  deoaei  una  mitbode  de 
Newton  utilisant  ce  dernier  icart  permet  de  converger 
rapidement  vers  la  valeur  propre  recherchie. 


Le  calcul  dipend  des  grandeurs  stationnaires  et  de 
la  riponse  du  propergol.  Pour  les  grandeurs  stationnaires, 
la  solution  est  grandement  simplifiee  si  le  canal  est 
(^lindrique  et  la  vitesse  de  combustion  uniforme  ;  toutes 
les  grandeurs  peuvent  s’exprimer  analytiquement  en 
fonction  de  I’abscisse  riduite  et  I’intigration  peut  itre 
rialisie  suivant  M  (ref.6).  Si  le  cantd  n’est  pas  cylin- 
drique,  un  calcul  sipari,  igalement  monodimensionnel 
doit  itre  rialisi  pour  exprimer  les  grandeurs  en  fonction 
deg,  on  peut  i  nouveau  choisir  R  comme  variable 
d’intigration  en  combinant  les  equations  stationnaires  et 
instationnaires.  La  riponse  du  propergol  peut  itre  prise 
constante  et  igale  i  celle  correspondant  k  la  pression  fond 
avant  ou  au  contraire  varier  avec  la  pression  stationnaire 
locale  par  I’intermidiaire  des  paramitres  A  et  B.  Pour 
I’application  considirie,  la  riponse  du  propergol  a  iti 
diduite  d’essais  sur  moteur  en  L*,  comme  indiqui  au 
paragraphe  4.1.  et  avec  les  reserves  inhirentes  i  cette 
mithode  expirimentale  pour  les  propergols  mitallisis. 

La  synthise  des  risultats  est  illustrie  par  la 
figure  23  pour  laquelle  la  frequence  et  I’amplification  pour 
le  mode  de  plus  basse  frequence  sont  tracies  en  fonc'ion 
de  la  pression  au  fond  avant.  On  constate  que  la 
frequence  i  la  limite  de  stabiliti  est  bien  pridite  par  le 
calcul,  tandis  que  la  pression  est  un  peu  sous-estimie. 
L’influence  des  diffirentes  hypotheses  touchant  la  forme 
du  canal  ou  I’uniformiti  de  la  riponse  du  propergol  reste 
asse^  modirie. 


_ Canal  cylindnque  et  riponse  calculie  au  fond  avant 

—  .  —  Canal  cylindnque  el  riponse  calculie  localemeni 

_  Canal  riel  el  riponse  calculie  localemeni 

•  Essai 


Figure  23  ■  Privision  de  la  slabiliti  d'un  moteur  sans  luyire 
sur  son  premier  mode  longitudinal 


Par  ailleurs,  il  est  dimontre  ;■ 

AO 

-  que  est  quasiment  constant  en  fonction  deg,  confor- 
miment  aux  observations. 

-  que  S  est  quasiment  constant,  en  fonction  de  g . 

-  que  V  varie  tris  peu  en  module  mais  asscz  largement 
en  phase,  en  fonction  deg  . 

Les  modes  longitudinaux  d’ordre  ilevi  peuvent 
igalement  itre  calculis  par  le  mime  programme.  Les 
ff^uences  sont  approximativement  en  progression 
arithfflitique,  comme  en  acoustique  classique ;  par  contre 
les  repartitions  d’amplitude  et  de  phase  sont  extrimement 
diffirentes  en  raison  de  I’influence  de  I’icoulenient 
stationnaire. 


Une  th£orie  lin£aire  des  instabilitis  longitudinales 
d’un  propulseur  sans  tuyere  a  iti  dlabor^e  et  mise  en 
pratique.  L'essentiel  des  observations  exp^rimentaies  peut 
itre  retrouv6  par  le  calcul,  les  faibles  hearts  constates 
pouvant  provenir  soit  de  I’approximation  <i<e  it  la 
description  monodimensionnelle  de  I’icoulement,  soit  de 
I’incertitude  sur  la  riponse  du  propergol  ou  la  forme  du 
canal.  Pour  les  applications,  cette  th£orie  ne  donne  pas 
des  risultats  tris  diff6rents  de  ceux  resultant  de  I’appli- 
cation  directe  de  I’analyse  de  la  stability  du  moteur  en  L*, 
si  la  precaution  est  prise  de  caiculer  le  temps  de  sejour 
riel  pour  le  propulseur  sans  tuyire.  L’int4r4t  de  I'anatyse 
thdorique  mende  est  plutdt  fondamental  ;  cette  analyse 
confirme  en  effet  qu’instabilitd  en  volume  et  instabilitd 
acoustique  proeddent  exactement  des  mimes  phdnomdnes 
et  qu’un  traitement  unifid  permet  de  la  ddcrire  ;  un  mode 
en  volume  peut,  dans  ces  conditions,  itre  considdrd 
comme  un  mode  acoustique  d’ordre  0. 

4.3.  Simulation  numdrique  de  modes  loneitudinaux- 
radiaux 

La  simulation  numdrique  des  instabilitds  au  moyen 
d’une  description  bidimensionnelle  sera  illustrde  par  deux 
exemples.  Le  premier  example  intdresse  le  chargement 
axisymdtrique  usind  de  la  figure  10  et  constitue  une 
extension  de  la  simulation  monodimensionnelle  signalde 
dans  la  rdfdrence  6  ;  la  simulation  utilise  les  dquations 
d’Euler  et  un  moddle  de  combustion  instationnaire,  la 
ndthode  est  du  type  volumes  finis  explicite.  le  second 
c.'emple  traite  d’line  gdomdtne  dgalement  axisymdtrique 
ma's  un  peu  plus  simple,  la  gdomdtrie  A  de  la  figure  IS  ; 
I’accent  est  mis  sur  le  raffinement  du  maillage  et  la 
comparaison  entre  I’amortissement  ddtermind  numdri- 
quement  et  celiii  diduit  du  bilan  acoustique. 

4.3.1.  Gdomdlfl,''  xisvmdtrique  usinde  (rdf.  761 


Vc(t) 


Maillage 


Vg  (mm/s) 


25  Temps 


R^sultats 


le  maillage  i.  isd  est  donnd  sur  la  figure  24  il 
s’agit  d’un  maillage  asset  grossier  (moins  de  1000  mailles) 
et  simplifld  puisqu’il  ne  suit  pas  exactement  les  parois  du 
chargement  rdel  bien  qje  reproduisant  exactement  le 
volume  ;  ces  caraetdristiques  sont  dietdes  d’un.;  part  par 
le  souci  de  limiter  les  temps  de  calcul  en  exoioitation  et 
d’autre  part  par  le  choix  d'un  maillage  r  ho^o.ial  dans  la 
chambre.  Les  calculs  ont  dtd  conduits  a  .ois  instants  de 
fonctionnement  de  la  inaquette  i  I’dchelle  1/6  s  h  =  0, 0,5 
et  Is.  Le  calcul  proedde  en  trois  dtapes  :■ 

•  recherche  de  I’dtat  stationnaire,  la  vitesse  de  combustion 
dtant  ddcrite  par  la  loi  stationnaire. 

-  ddstabilisation  numdrique  par  injection  d’un  ddbit  rdparti 
au  fond  avant  et  prdsentant  trois  pdriodes  d’oscillation 
&  une  frdquence  voisine  de  la  frdquence  de  cavitd 
attendue  ;  le  moddle  de  combustion  instationnaire  est 
activd. 

■  dtude  du  mode  d'instabilitd  naturel,  de  son  amortis- 
sement  ou  de  son  amplification. 

L.es  principaux  rdsultats  ont  dtd  les  suivants  :■ 

-  la  frdquence  d'instabilitd  est  trds  voisine  de  celle  prdvue 
par  le  calcul  acoustique,  elle  dvolue  trds  peu  avec  le 
temps  de  fonctionnement. 

-  I’instabilitd  est  trds  amortie  comme  le  montre  la 
figure  24,  ce  qui  a  dtd  une  vive  ddeeption  par  compa- 
raison  avec  les  observations  mais  ce  qui  est  cohdrent 
avec  la  prdvision  du  bilan  acoustique.  Un  contrOle  prdcis 
des  calculs  n’a  pas  permis  de  ddceler  une  quelconque 
anomalie,  ce  qui  laisse  supposer  qu’un  mdeanisme 


Figure  24  ■  Calcul  bWimensionnel  Euler  (chargement  axisymdlnque) 


essential  d’entretien  des  instabilitds  n’a  pas  dtd  reproduit 
par  le  calcul ;  I’dmission  tourbillonnaire  pourrait  dtre  ce 
mdeanisme  et  il  dtait  exclu  de  pouvoir  la  ddcrire  avec 
un  maillage  aussi  grossier. 

Au  vu  des  premiers  rdsultats,  la  rdponse  du 
propergol  a  dtd  artificiellernent  augmentde  en  jouant  sur 
i’exposant  de  la  loi  de  vitesse  stationnaire  ou  les  para- 
mdtres  du  moddle  de  combustion,  ou  encore  en  modifiant 
I’dchelle  pour  que  la  frdquence  corresponde  d  un 
maximum  de  rdponse  du  propergol.  Il  est  ainsi  possible 
d’arriver  d  des  amplifications  de  la  perturbation  initiale  et 
d  un  comportement  naturellement  instable  du  moteur.  la 
figure  25  correspond  au  cas  d’une  gdomdtrie  cylindrique 
ddcrite  monodimensionnellement  ;  un  amortissement 
prdalable  de  I’oscillation  ddclenchde  est  observde  suivie  de 
la  naissance,  de  I’amplificatioit  puis  de  la  stabilisation  d’un 
mode  supdrieur.  Ce  cycle  limite  a  pu  dtre  retrouvd  pour 
diverses  amplitudes  et  frdquences  de  ddstabilisation,  il 
peut  dtre  atteint  soit  par  amortissement  d’une  forte 
perturbation  initiale  (stabilitd  dynamique)  soit  d  partir 
d’une  faible  perturbation  (stabilitd  statique) ;  I’amplitude 
limite  paralt  assez  peu  affeetde  par  le  traitement  monodi- 
mensionnel  ou  bidimensionnel  de  I’dcoulement. 

La  simulation  numdrique  des  instabilitds  des 
chargements  axisymdtriques  usinds  n’a  done  pas  permis 
d’expliquer  les  instabilitds  natureiles  observdes.  Cette 
tentative  a  cependant  dtd  fructueuse  puisqu’elle  a  mis  en 
dvidence  la  possibilitd  de  prdvoir,  lorsque  les  circonstances 
le  permanent,  le  niveau  d’instabilitd.  II  semble  qu’un 
progrds  suppldmentaire  doive  encore  dtre  fait  dans  la 


I 
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physique  des  dcoulements  ou  des  m£canismes  de 
combustion  pour  parvenir  ^  une  provision  correcte  de  la 
stabilitd  sur  ce  type  de  chargement. 


j  P(b) 


vot.iratM 


Fond  avani 


dfstabilisation  num^rique  sur  une  p6riode,  t  la 
frequence  estimie  du  premier  mode  acoustique,  par 
simulation  d'une  source  acoustique. 

£tude  du  mode  d’instabilitd  nature!  et  de  son  amortis- 
sement. 


15 

1 


:50.  teo  70  80 


■  1 1(1  1?1 


Gdomatne  iniliale 


10 

5 


, -so  -  60  70 


Gaomaine  a  mi  ■  combustion 


Figure  26  •  Catcul  bidimensionnel  Euler  maillage  (rdf  77) 


Un  soin  pariiculier  a  M.  apportil  a  la  sensibilitd 
des  rdsultats  stationnaires  au  maillage.  Le  maillage  fin 
apparait  indispensable  pour  canter,  pour  la  gdom^l^ie 
initiale,  la  couche  de  milange  entre  '.’dcoulement 
provenant  du  canal  et  celui  issu  du  cdne  arridre  du 
chargement,  ce  melange  provoquant  en  outre  tine  alimen¬ 
tation  tris  hdt^rogdne  de  la  tuyire  (fit^ire  27).  Le 
maillage  fin  permct  dgalement  de  mettre  en  Evidence  le 
tourbillon  stable  au  fond  avant,  pour  la  seconde 
gdomdtrie. 


Gdomdtrie  initiate 


43.2.  Gdomdtrie  axisvmdtrique  standard  (rdf.  77  et  78) 


Gdomdine  a  mi  ■  combustion 
Lignes  isentropiques 


Le  maillage  utilisd  est  donnd  sur  la  figure  26  t  il 
s’agit  d’un  maillage  fin  (prds  de  20000  mailles)  qui  suit 
exactement  le  profit  du  chargement.  Les  calculs  ont  6t£ 
conduits  It  deux  instants  de  fonctionnement  correspondant 
respectivement  a  la  gdomdtrie  initiale  et  a  la  gdomdtrie  i 
mi-dpaisseur  brflides.  La  rdponse  du  propergol  au 
couplage-pression  n’est  pas  prise  en  compte  autrement 
que  par  la  loi  de  combustion  stationnaire  Le 

(^cul  procdde  en  trois  dtapes 

-  recherche  de  I’dtat  stationnaire  aprds  une  initialisation 
monodimensionnelle. 


Figure  ;■?  -  Catcui  bidimensionnel  Euler  •  dcoulemeni  stationnaire 


Les  rdsultats  instationnaires  mettent  en  dvrdence 
de  gros  dcarts  entre  I’amortissement  calculd  nuiadri- 
queraent  et  celui  prddit  par  le  bilan  acoustique.  La 
figure  28  rassemble,  d’une  part  les  signaux  de  pression 
instationnaire  au  fond  avant,  pour  les  deux  gdomdtries,  et, 
d'autre  part  les  amortissements  numdriques  et  du  bitan 
acoustique  ID  ;  I’exposant  de  la  loi  de  pression  station- 
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•682 
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Figure  28  •  Calcul  bidimensionnel  Euler  amortissement  du  premier  mode  longitudinal 


i 

I 

I 
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naire  vaut  0,7.  L’analyse  des  dcarts  fait  apparaltre  au 
moins  une  explication  ;  I’hdtdrogdnditd  de  I'dcoulenient  i 
I’entrde  de  la  tuyere  induit  une  admittance  d’entrde  de 
tuyere  non  uniforme  si  bien  que  le  bilan  acoustique  ID 
sous-estime  assez  largement  la  perte  de  tuy4re, 
notamment  dans  le  cas  de  la  gdomitrie  initiate  pour 
laquelle  la  surface  du  cdne  arriire  reprdsente  plus  de 
50  %  de  la  surface  du  canal  cylindrique.  Le  bilan 
acoustique  tient  d’autre  part  compte  de  I’amortissement 
de  la  couche  limite  acoustique  qui  n’est  pas  rdsolue  par  le 
calcijl  effectud,  ce  qui  complique  la  coinparaison. 

Ces  rdsultats  sont  encourageants  dans  la  mesure  ob 
ils  laissent  espdrer  la  possibilitd  de  parvenir  i  la  provision 
numdrique  de  la  stabilitd  d’un  moteur  et  sans  doute  &  une 
exploitation  plus  prdcise  des  essais  en  terme  de  rdponse 
du  propergol  par  la  prise  en  compte  d’une  meilleure 
description  de  I’dcoulement.  Une  prochaine  dtape  devrait 
porter  sur  le  traitement  laminaire  de  I’dcoulement  et  des 
probldmes  de  couche  limite  acou.stique  associds,  ce  qui 
ndcessitera  probablement  la  mise  au  point  d’un  moddle  de 
paroi. 


5.  CQMCLUSION 


L’dtude  des  instabilitds  de  combustion  des  moteurs 
b  propergol  solide  reste  d’actualitd  et  passe  ndcessai- 
rement  par  une  analyse  ddtaillde  des  phdnomdnes  d’dcou- 
lement  et  de  combustion.  Le  succds  mais  aussi  les  limites 
des  mdthodes  d’analyse  lindaire  et  du  bilan  acoustique 
tiennent  autant  b  leur  relative  simplicitd  de  mise  en 
oeuvre  qu’b  leur  apparente  facilitd  d’inteiprdtation  il 
n’est  pas  indispensable  de  connattre  dans  le  ddtail  I’dcou- 
lement  stationnaire  dans  la  chambre  du  moteur  et  il  est 
possible  d’attribuer  un  gain  et  une  perte  b  chaque 
phdnomdne  didmentaire  retenu.  Cette  ddmarche  se  heurte 
b  des  difficultds  conceptuelles  qui  malheureusement 
reintroduisent  ies  caractdristiques  bnes  de  rdcoulement 
stationnaire,  que  ce  soil  au  niveau  de  la  surface  de 
combustion  (zone  d’adaptation  traduite  par  les  termes  de 
de  rdcoulement  (instabilitds  hydrodynamiques  ou  dmission 
tourbillonnaire).  L’introduction  d’un  terme  de  couche 
limite  acoustique  dans  le  bilan  acoustique  paralt  possible 
si  cette  couche  limite  est  suffisamment  peu  dpaisse  pour 
que  son  effet  soit  ramend  c.i  surface  de  combustion  ;  la 
prise  en  compte  de  I’dmissioo  tourbillonnaire  semble  par 
contre  plus  ddlicate  mais  {’analyse  thdorique  foumit  un 
guide  permettant  d’apprdcier  si  ce  phdnomdne  pent  dtre 
ddstabiiisant. 
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Le  calcul  num6rique  de  I’icoulemem  connaSt  une 
montie  en  puissance  qui  n’est  pas  seulement  justifiie  par 
la  disponibilitd  de  supercalculateurs  ou  le  godt  prononci 
qu’iprouvent  les  jeunes  ingdnieuis  pour  I’informatique.  II 
s’agit  au  contraire  d’une  approche  obligatoire  pour  le 
stationnaire,  indispensable  pour  la  stabiiit6  non-lin£aire  et 
utile  pour  mieux  comprendre  certains  effets  encore 
mystirieux  tels  que  le  couplage-vitesse.  Les  premiers 
r^ultats  obtenus  numiriquement  dans  les  activit^s  de 
recherche  sur  les  instabilitis  de  combustion  sont  specta- 
culaires  mais  doivent  encore  ttre  passes  au  crible  des 
connaissances  disponibles  et  de  la  comparaison  avec 
I’expinence.  Beaucoup  d’efforts  rcstent  done  encore  It 
faire  avant  que  les  progris  piiissent  b^nificier  aux  appli¬ 
cations  ;  il  faut  completer  la  comprehension  physique  des 
instabilites  de  combustion,  affiner  les  simulations  nume- 
riques  et  les  donn^es  d'entree,  valider  les  codes  de  calcul. 


Le  souci  d’interesser  simultanement  spedalistes  et 
non-specialistes,  experimentateurs  et  thdoriciens,  et  le 
parti  pris  d’une  lecture  moderne  des  instabilites  de 
combustion,  ont  conduit  <t  une  selection  des  references. 
Comme  toute  selection,  elle  peut  etre  contestee  ;  elle  doit 
cependant  pouvoir  etre  utilisee  comme  point  de  depart 
d’un  travail  bibliographique  d'approfondissement. 

L’auteur  tient  it  remercier  ses  coliegues  de 
rONERA  qui  Pont  aide  A  preparer  ce  texte  et  exprime  sa 
particuliere  gratitude  i  F.  Vuillot.  II  est  egalement 
reconnaissant  aux  organismes  et  societes  :  DRET/DGA, 
DME/DGA,  CNES,  SNPE,  SEP  et  BPD,  de  leur  soutien 
passe  et  present  aux  etudes  de  I’ONERA  sur  les  insta- 
bilites  de  combustion  des  moteurs  it  propergol  solide. 
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ABSTRACT 

The  second  lecture  will  be  based  upon  the  book  chapter  entitled  “Solid  Propellant  Ignition  Theories  and 
Experiments",  by  Prof.  C.E.Hermance  and  the  AIAA  Journal  on  “Review  of  Solid-Propellant 
Ignition  Studies”,  by  Profs.  A.K.Kulkarni,  M.Kumar,  and  K.K.Kuo.  The  experimental  and  theoretical 
literature  pertaining  to  the  ignition  of  solid  propellants  over  the  past  25  years  will  be  reviewed.  The 
purpose  is  to  present  a  cohesive  description  and  evaluation  of  the  research  in  sohd-propellant  ignition  to 
date.  The  effects  of  important  parameteis  on  ignition  processes  will  also  be  di'cussed.  Major  technologi  >al 
gaps  in  this  area  will  be  presented  and  future  research  study  topics  will  be  recommended. 

The  portion  concerning  transient  burning  of  solid  propellants  will  be  based  upon  the  book  chapter  by 
K.K.Kuo,  J.Gore,  and  M.Summerfield.  Transient  burning  behavior  of  solid  propellants  often  occurs 
under  a  rapid  pressure  excursion  and  is  caused  by  the  finite  relaxation  times  required  for  the  solid  and/or 
gas  phases  to  adjust  their  temperature  profiles.  The  instantaneous  burning  rate  under  transient  conditions 
may,  therefore,  differ  significantly  from  the  steaay-statc  value  corresponding  to  the  instantaneous 
pressure. 

All  the  presentation  materials  are  available  in  the  open  literature. 
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cr  «!BUSnON  and  safety  of  SOUD  PROPELLAm-  ROCKET  MOTORS 


T.  L.  Boggs 
Research  Department 
Naval  Weapons  Center 
China  Lake.  CA  93555-6001,  USA 


INTRODUCTION 

The  subject  of  munition  safety  is  one  of  continuing 
importance,  with  recent  emphasis  in  various  insensitive 
munition  requirements,  because  of  the  potential  damage 
that  can  be  caused  by  any  device  highly  loaded  with  ener¬ 
getic  materials.  It  is  a  difficult  task  to  prevent 
inadvertent  initiation  and  to  mitigate  the  effects  of 
reactions  once  initiation  has  occurred.  This  difficulty  is 
compounded  by  several  considerations  such  as: 

(1)  The  initiation  can  occur  via  many  mechanisms.  It 
can  be  due  to  bullet  or  fragment  impact;  through  electro¬ 
static  discharge;  accidental  dropping  of  ordnance;  or 
through  exposure  to  fire,  hot  gases,  steam  leaks,  etc. 

There  are  mixed  sensitivities  in  many  instances;  for 
example,  nitramine  containing  propellants  are  hard  to 
ignite  by  thermal  stimuli;  however,  they  are  mure  sensi¬ 
tive  to  mechanical  shock  that  can  cause  detonation. 

(2)  Solid  propellants  have  evolved  to  meet  increased 
performance  requirements.  The  need  for  high  bum  rates 
have  led  to  some  propellants  that  are  extremely  easy  to 
ignite,  especially  as  they  age.  Similarly,  the  need  for 
Increased  range  and  decreased  signature  has  led  to  propel¬ 
lants  having  high  specific  impulse  with  little  or  no  metal 
ingredients.  Some  propellant  formulations,  in  an  attempt 
to  meet  low  signature,  high  performance  requirements,  are 
almost  identic^  to  high  energy  plastic  bonded 
explosives. 

This  topic  area  has  been  widely  discussed  in  the  past.  For 
example,  the  recent  AGARDograph  No.  316  "Hazard 
Studies  for  Solid  Propellant  Rocket  Motors  (Ref.  1) 
devotes  over  150  pages  of  text  and  over  200  references  to 
this  subject.  Obviously  the  present  paper  cannot  discuss 
the  subject  to  the  depth  of  the  AGARDograph.  Instead, 
because  of  space  limitations,  this  paper  will  be  devoted  to 
the  combustion  aspects,  and  will  only  briefly  discuss 
these  topics.  The  intent  is  to  provide  an  overview  of  the 
subject  (and  the  material  contained  in  the  AGARDograph), 
and  refer  the  reader  to  Reference  1  for  more  detail.  In 
many  instances  passages  from  Ref.  1  are  repeated  here. 

The  authors  of  Reference  I  felt  that  a  program  leading  to 
mechanistic  understanding  of  reactions  and  the  ability  to 
predict  hazard  response  was  required.  It  was  felt  that  the 
traditional,  standard  goAio-go  tests  did  not  provide  this 
understanding  nor  the  predictive  capability.  A  hazard 
assessment  method  that  considered  classes  of  output 
(detonation,  explosion,  burning,  and  no  reaction)  in  terms 
of  input  stimulus  and  target  (includes  sample  and  envi¬ 
ronment)  wu  developed  after  many  discussions.  Key  to 
this  effort  was  the  hazard  assessment  protocol.  By  work¬ 
ing  through  a  hazard  protocol,  the  user  could  develop  haz¬ 
ard  assessment/response  plots  that  described  his  munition 
subject  to  many  stimuli  of  a  given  type  (for  example 
those  combinations  of  fragment  mass,  fragment  velocity, 
and  fragment  shape  leading  to  detonation,  those  combina¬ 
tions  leading  to  explosion,  and  those  combinations  lead¬ 
ing  to  no  reaction).  The  hazard  assessment/response 
plots  can  then  be  compared  to  the  ftagmeni  muses, 
velocities,  and  shapes  for  a  given  threat  (e.g.,  warhead)  to 
determine  the  likely  response  of  a  given  munition  for  a 
given  threat. 


It  wu  said  that  one  of  die  key  elements  of  this  approach 
is  the  hazard  usessment  protocol.  What  is  a  hazard 
usessment  protocol?  It  is  an  orderly  procedure  that 
results  in  a  flow-chart  that  directs  the  user  through  consid¬ 
eration  of  a  hazard  area.  This  consideration  will  be  of  his 
sample  (whether  it  be  an  all-up  munition,  a  component,  or 
a  test  article)  in  its  environment  subject  to  the  threat 
stimuli  likely  to  be  encountered.  The  hazard  usessment 
protocol  helps  tell  the  designer  and  test  personnel,  (1) 
what  paths  are  most  likely  to  be  encountered,  and  hence 
must  be  considered,  and  (2)  what  information  must  be 
obtained  m  order  to  perform  the  usessment.  Because  the 
usessment  is  bued  on  logic  and  directly  usociated  with 
the  ordnance  item  in  a  real  environment  and  subject  to 
real  threats,  it  hu  more  value  than  the  ruults  of  a  few 
go/no-go  hiu^d  tests.  The  protocol  approach  is  intended 
to  be  (I)  a  design  tool  used  early  in  the  design  cycle  to 
anticipate  potential  hazard  problems,  and  (2)  an  aid  to 
program  personnel  to  mitigate  existing  munition  hazard 
problems.  The  protocol  approach  is  more  extensively 
described  and  used  in  Reference  1. 


Perhaps  it  is  euier  to  understand  the  protocol  approach 
by  working  through  a  simplified  example;  impact  of  a 
fragment  on  an  idealized  munition  consisting  of  a  cue 
wall-energetic  fill-case  wall,  'I'here  ue  several  possible 
reactions  u  illustrated  in  Fig.  1.  The  first  consideration 
is  the  prompt  shock  to  detonation.  In  this  situation  the 
fragment  impacts  the  munition,  sending  a  shock  wave 
into  the  cu^  energetic  material  that  this  shock  w>ve 
transitions  into  a  detonation.  If  the  fragment  does  not 
impart  sufficient  energy  to  cause  a  detonation,  we  may 
still  have  a  significant  problem  resulting  from  the 
fragment  peneuating  the  cue.  If  the  fragment  penetrates 
several  possibilities  are  likely  to  occur.  The  worst  is  that 
the  fragment  ignites  the  energetic  material  and  the 
combustion  rapidly  produces  gues  that  can't  be  vented 
quickly.  In  this  instance  the  munition  may  violently 
explode  sending  large  to  modest  fragments  at  high 
velocities.  Another  situation  that  often  occurs,  generally 
with  less  severe  consequences,  is  that  the  fragment 
because  of  its  high  velocity  and/or  large  mus,  either  pen- 
eUates  directly  through  the  munition  and  doesn't  ignite 
the  energetic  material  and/or  provides  an  extremely  large 
’em  and/or  breaks  open  the  case.  In  these  instances,  a 
lire  may  ensue  but  at  leut  there  wu  no  detonation  or 
explosion.  The  lut  instance,  and  the  most  duired,  is 
th.  t  the  fragment  simply  hits  the  case  and  bouncu/ 
ricochcis  off  causing  no  reaction. 
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Fig.  1.  Possibla  Reactions  When  a  Fragment 
Impacts  a  Cased  Energetic  Material. 


Which  reaction  is  likely  to  occur?  This  is  where  the  pro¬ 
tocol  comes  in.  Let’s  take  a  simplified  look  at  this  prob¬ 
lem.  Our  Hrst  concern  was;  “Do  we  get  a  prompt  shock 
to  detonation?”  (SDT)  The  protocol  path  of  Fig.  2 
addresses  this  concern.  We  first  start  with  the  fragment 
haring  mass,  velocity,  size/shape,  and  orientation;  and 
let's  say  that  this  is  the  first  fragmen'  impacting  die 
munition.  The  first  question  to  ask  is  how  does  the  diam¬ 
eter  of  the  fragment  compare  to  the  critical  diameter  of  the 
energetic  propellant  (or  explosive).  The  critical  diameter 
is  the  smallest  diameter  that  will  sustain  a  detonation.  If 
the  fragment  diameter  is  much  less  that  the  critical  diame¬ 
ter  of  the  energetic  material  then  a  prompt  shock  to  deto¬ 
nation  transition  is  unlikely  (however  other  mechanisms 
such  as  deflagration  to  detonation  transition  may  be  pas¬ 
sible)  and  one  should  proceed  to  penetration 
considerations. 
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Fig.  2.  SimolHied  Hazard  Assessment  Protocol  for 
Prompt  Shock  Induced  Detonation  of  a  Cased 
Energetic  Material  Subject  to  Fragment  Impact. 

If  however  the  fragment  diameter  is  approximately  equal 
to  or  bigger  than  the  critical  diameter,  a  prompt  shock  to 
detonation  may  ensue;  and  one  must  compare  the  shock 
pressure  imparted  to  Ae  energetic  materid  by  the  impact 
to  the  initiation  pressure  required  to  cause  detonation.  If 
the  imparted  pressure  is  below  the  threshold,  prompt 
shock  to  detonation  is  unlikely  (but  again  other  detona¬ 
tion  mechanisms  may  occur  -  DDT,  XDT). 


If  however  the  imparted  pressure  is  above  the  threshold,  a 
detonation  is  very  likely  and  we  must  compare  the  web 
thickness  to  the  tun  distance.  Do  we  have  enough  ener¬ 
getic  material  to  allow  the  shock  wave  to  build  to  a  deto¬ 
nation?  Unfortunately  usually  if  we  have  a  small  enough 
critical  diameter  and  a  low  enough  threshold,  we  alto  have 
a  small  enough  run  distance  that  a  detonation  it  extremely 
probable,  and  it's  back  to  the  drawing  board  or  time  to 
consider  mitigation  devices  or  start  thinking  up  clever 
arguments  why  a  waiver  should  be  granted. 

Even  if  you  come  through  this  path  relatively  unscathed, 
you  may  have  to  go  through  it  again,  this  time  consider¬ 
ing  damaged  energetic  fill.  The  damage  can  come  from 
many  sources;  handling,  age,  hit  by  previous  fragment, 
etc.  Now  you  must  go  through  the  path,  but  this  time 
with  the  values  for  damaged  material.  The  damaged  mate¬ 
rials  are  usually  more  sensitive  than  their  undamaged 
counterpart  For  example,  1%  voids  can  cause  the  initia¬ 
tion  pressure  to  drop  from  40  kbars  to  20  kbars  (Ref.  1- 
3). 


Before  leaving  this  path,  let’s  think  about  what  data  are 
required  for  the  assessment  We  need  the  critical  ^ameter, 
the  initiation  treasure  threshold  (u  a  function  of  time), 
the  tun  distance  (as  i  function  of  pressure)  of  the  undam¬ 
aged  and  damag^  energetic  material,  as  well  as  the 
description  of  tfie  fra^ent  References  1  and  2  discuss 
tecliniques  for  obuirung  these  data. 


If  there  is  no  prompt  shock  to  detonation,  we  still  must 
be  concerned  with  the  penetration  effects  [Note:  We  con¬ 
sider  SDT  First  because  (1)  it  is  usually  the  worst  reaction, 
and  (2)  if  it’s  going  to  occur  it  will  be  the  first  (and  last) 
occurrence,  taking  place  in  microseconds,  for  that  muni¬ 
tion.]  In  the  penetration  path.  Fig.  3,  we  are  first  con¬ 
cern^  with  whether  the  fragment  can  penetrate  the  case, 
that  is,  is  there  sufficient  mass  and  velocity  of  the  projec¬ 
tile  to  exceed  the  ballistic  limit  of  the  case.  If  not,  we 
have  the  desired  bounce-off/ricochet.  However  if  the  mass 
and  velocity  exceed  the  ballistic  limit,  we  must  ascertain 
by  how  much.  If  the  mass  and  velocity  greatly  exceed  the 
ballistic  limit,  the  fragment  may  pass  through  the  muni¬ 
tion  without  igniting  the  energetic  material  and/or  over¬ 
venting  the  case. 
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Fig.  3.  SimpIKifld  Hazard  Assessment  Protocol  for 
Fragment  Impact/Penetration  of  a  Cased  Energetic 
Material. 


If  the  mass  and  velocity  don’t  greatly  exceed  the  ballistic 
limit,  e.g.,  the  fragment  lodges  within  the  grain,  we  must 
then  ask  if  ignition  occurs.  If  no,  that's  desirable.  If 
yes,  then  we  reed  to  know  the  bum  rate,  bum  area,  pres¬ 
sure  and  vent  size  (not  independent  parameters)  in  order  to 
determine  if  we  can  vent  the  products  fast  enough  or 
whether  an  explosion  is  probable,  If  we  can  vent,  we 
still  have  a  fire  problem  to  contend  with.  If  the  products 
are  not  vented  fast  enough  an  explosion  can  occur  and  the 
explosion  can  lead  to  other  sympathetic  reaction  of  adja¬ 
cent  stores  •  up  to  and  including  sympathetic  detonation. 

To  predict  likely  reactions  in  this  path,  we  must  know  the 
ballistic  limit  of  the  case,  the  high  rate  mechanical  prop¬ 
erties  of  the  energetic  material,  deformation  of  the  frag¬ 
ment,  igniubility  of  the  energetic  material,  bum  rate,  and 
bum  area  of  the  energetic  material,  as  well  u  case  con¬ 
finement  and  venting. 

The  protocol  discussed  above  and  depicted  in  Figs.  2  and 
3  is  a  simplifled  example.  The  cunent  bullet/fragment 
impact  protocol  is  on  a  2  foot  by  3  foot  chart  and  is 
describe  in  several  pages  of  text.  Before  dismissing  this 
as  being  unwieldy,  the  reader  must  be  cautioned  that 
(1)  while  the  protocol  considers  all  the  paths,  the  user 
doesn’t  "go  down”  all  the  paths,  (2)  the  responses  that 
the  user  givM  direct  him  throu^  the  path  appropriate  to 
his  situation  and  (3)  the  protocol  is  being'  put  into  user- 
friendly,  personal  computer  compatible  software.  At 
present  it  is  euy  to  use  and  when^the  software  is  com¬ 
plete  it  will  be  even  easier  to  use. 

Once  you  have  die  data  required  by  the  protocol,  what  do 
you  do  with  than?  The  data  can  be  used  to  coiutruct  a 
hazard  usessntent  plot  shovri  in  Fig.  4.  Startihg  at  ths 
right  hand  of  this  figuiraj  we  first  det^ine  what  combina¬ 
tions  of  projectile  mass-velocity  will  cause  prompt 
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detonation.  This  region  is  ameliorated  at  the  lower  values 
of  mass  (smaller  diameters)  by  critical  diameter  considera¬ 
tions  (for  a  more  complete  discussion  of  critical  diameter 
effects,  please  consult  pg.  140  of  Reference  1).  Also 
shown  on  Fig.  4  are  the  ballistic  limit  lines  for  the  case 
(B.L.  is  the  single  ballistic  limit  line,  while  2  B.L.  is  the 
ballistic  limit  for  penetrating  one  side  and  emerging 
through  the  second  side.).  Somewhere  between/near  these 
lines  is  the  explosion  phenomena  (sometimes  referred  to 
as  bum  to  violent  reaction,  or  BVR  for  short).  The 
region  to  the  left  of  the  ballistic  limit  line  is  the  bounce- 
off/ricochet  zone,  while  the  region  to  the  right  of  the 
explosion  region  and  to  the  left  of  the  detonation  region 
is  the  zone  of  over-vented  reactions. 
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example  given  in  Fig.  6,  there  are  many  fragments  over 
1000  grains  with  a  velocity  of  approximately  6800  ft/sec. 
(Note:  There  are  7000  grains/lb.  A  1/2  x  1/2  x  1/2  inch 
cube  of  steel  is  approximately  250  grains.]  Similarly 
there  are  several  ftagments  of  6600  grains  (almost  a 
pound  each)  with  a  velocity  of  4200  ft/sec.  These  are 
obviously  in  the  prompt  shock  to  detonation  region  and 
represent  a  serious  problem  that  must  be  designed  away  or 
mitigated. 
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Fig.  5.  Hazard  Assessmant/Response  Plot  of 
Fragment  Impact  of  an  Actual  Munition  Component. 


Rg.  4.  Hazard  /Assessment  Plot  for  Fragment 
Impact  of  a  Cased  Energetic  Material. 

The  actual  locations  of  such  lines  on  a  hazard  assessment 
plot  are  going  to  be  dependent  on  the  various  munition 
designs,  the  environment,  and  the  threat  stimuli,  and  will 
change  as  you  change  the  design,  the  environment,  and 
the  stimuli.  The  point  to  be  made  here  is  that  one  of  our 
goals  has  been  met:  you  can  predict  the  hazard  response, 
based  on  laboratory  and  small-scale  field  tests,  early  in 
the  design  cycle,  and  then  if  you  experience  an  unwanted 
response,  see  the  effects  of  design  changes.  This  will  be 
more  clear  below. 

While  the  cartoon  of  Fig.  4  shows  the  over-vented  zone, 
in  reality  at  present  we  have  difficulty  predicting  the  exact 
location  of  this  zone.  We  know  it  exists  and  have 
specific  examples  of  when  it  exists  for  given  munitions 
and  given  threats,  it's  just  that  we  have  difficulty  in  a 
priori  prediction.  So  instead  of  the  hazard  plot  of  Fig.  4, 
we  use  the  semi-logarithmic  plot  of  Fig.  5.  [This  is  an 
actual  plot  for  a  given  ordnance  item.]  Here  the  three 
areas  (prompt  detonation,  bum  to  violent  reaction,  and 
ricociiet)  are  shown  and  one  can  see  the  general  vulnera¬ 
bilities  of  this  particular  munition. 

While  knowledge  of  a  munition's  vulnerability  is  very 
desirable,  it  can  be  extended  to  determine  the  vulner^ility 
of  the  munition  to  a  specific  threat  such  as  detonation  of 
an  enemy  warhead  or  detonation  of  one  of  our  own  war¬ 
heads  (sympathetic  detonation).  To  do  this  we  need  a 
m^ing  of  the  threat  fragments. 

Figure  6  presents  such  a  threat  spectrum  overlaid  on  the 
hazard  map  of  Fig.  5.  The  circles  show  the  various  frag¬ 
ments  in  terms  of  their  mass  and  velocity.  The  size  of 
the  circle  is  indicative  of  the  ^proximate  number  of 
fragments  having  that  mus  and  velocity  (1,  10,  100, 
1000). 

This  overlay  plot  is  obviously  very  valuable  in  showing 
the  vulnerability  of  one  munition  to  another.  In  the 


Also  shown  on  Fig.  6  by  the  square  symbol  is  the  stan¬ 
dard  U.S.  insensitive  munition  fragment  test  fragment 
(250  grains  and  8300  ft/sec).  Obviously  in  this  example 
this  test  would  say  that  there  was  not  a  prompt  shock  to 
detonation  problem,  although  the  munition  would  fail  the 
test  due  to  explosion. 

Once  you  know  that  you’re  in  trouble,  plots  can  be  used 
to  help  get  you  out  of  trouble.  Figure  7  shows  the  effect 
of  using  various  steel  barriers  in  mitigating  the  impact  of 
the  two  fragments  discussed  previously.  These  calcula¬ 
tions  were  done  using  the  Thor  description  of  fragment/ 
barrier  interaction.  Other  descriptions  are  also  available. 
In  the  Thor  description  1/4  inch  thick  steel  baniers  will 
move  the  1140  grain  hagments  out  of  the  detonation 
region  and  approximately  3/4  inch  thick  steel  barriers 
will  move  the  effects  of  these  fragments,  not  only  out  of 
the  detonation  region,  but  out  of  the  bum  to  violent  reac¬ 
tion  region. 


Fig.  6.  Overlay  of  Actual  Fragment  Distribution  (the 
Size  of  Circle  Denotes  Approximate  Number  of 
Fragments;  1,10, 100, 1000)  From  Threat  Warhead 
Overlaid  on  Hazard  Assessmant/Response  Plot  of  Fig. 
5. 
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Fig.  7.  Effect  of  Placing  Different  Thicknesses 
(In  inches)  of  Steel  Bamer  Between  Threat  and 
Acceptor  Munitions. 

The  above  is  an  illustration  of  one  hazard  assessment  pro¬ 
tocol.  Protocols  exist  for  all  of  the  hazard  areas.  From 
these  protocols  for  bullet  and  fragment  impact,  sensitivity 
to  electrostatic  discharge,  cook-off,  shaped  charge  jet 
impingement,  and  sympathetic  detonation;  many  ignition, 
combustion,  explosion,  and  deflagration  to  detonation 
considerations  are  called  for.  It  is  suggested  Jiat  the 
reader  review  Reference  1  for  an  appreciation  of  what  must 
be  considered  in  the  various  protocols.  In  the  ensuing 
sections  the  ignition,  combustion,  explosion,  and  detona¬ 
tion  phenomena  will  be  presented  in  a  general  form,  irre¬ 
spective  of  what  protocol,  or  what  path  within  a  protocol, 
the  phenomena  might  find  application. 

IGNITION 

The  transition  of  a  combustible  system  from  a  nonreactivc 
or  very  slowly  reactive  state  to  the  stale  of  self-sustained 
combustion  can  either  be  effected  by  an  external  source  of 
ignition  or  may  originate  in  the  combustible  system  on 
its  own,  it  the  boundary  conditions  are  in  an  appropriate 
range.  This  latter  process  is  called  autoignition  or  ther¬ 
mal  explosion  and  has  been  dealt  with  in  Section  S.l  of 
the  AGARDograph  (Ref.  1)  and  will  not  be  discussed  in 
this  paper.  Ignition  is  the  beginning  of  every  combus¬ 
tion  process.  Hence  it  must  be  handled  effectively  when  a 
controlled  combustion  process  is  to  be  initiated,  and  it 
must  be  prevented  reliably  if  accidental  fires  and  explo¬ 
sions  are  to  be  avoided.  This  process  is  also  important  in 
laboratory  type  investigations  either  to  look  into  the 
ignition  process  itself,  or  else  to  classify  the  sensitivity 
of  propellants  with  respect  to  plarmed  or  accidental  igni¬ 
tion  stimuli,  to  classify  additives,  or  to  assess  the  influ¬ 
ence  of  external  parameters. 

Solid  propellant  ignition  is  both  a  process  and  the  suc¬ 
cessful  completion  of  that  process.  As  a  propellant  sam¬ 
ple  is  externally  heated,  there  is  an  increase  in  the  surface 
temperature  and  a  build  up  of  a  thermal  profile.  When 
guification  of  the  sample  begins,  the  gaseous  products 
begin  to  react  exothermically.  This  heat  release  increases 
the  gas  temperature,  and  thus,  the  reaction  rates.  With 
additional  heating  and  accumulation  of  gas  phase  species 
the  flame  will  “snap  back“  toward  the  propellant  surface. 
At  this  point,  the  flame  provides  sufficient  energy  for 
propellant  pyrolysis,  the  external  heat  source  is  no  longer 
necessary,  and  ignition  is  complete.  These  processes  are 
pqihicalty  illustrated  in  the  general  log  flux-log  time, 
ignition  plot  shown  in  Fig.  8. 


•  EFFECT  ON  FLUX  -  OENERAL: 

•  WHEN  AN  ENERGEnc  MAIERIAL  IS  SUBIECTED  TO  A  HEAT 
FLUX  (ENERGY  DOVT)  SEVERAL  PROCESSES  OCCUR 


SUSTAINeO  COMBUSTION 
lEQUtUSRIUM  ENERGY  RELEASE! 


GO/NO  -  GO  IGNITION  LOCUS 
PRE  -  IGNITION  REACTIONS 


FIRST  GASIFICATION 

lENDOTHERMIC  OR  MILDLY  EXOTHERMIC! 


LOG  ENERGY  FLUX 

•  LOCATION  OF  THESE  LINES  (AND  HENCE  ENERGY  RELEASE) 
DEPENDENT  ON  MANY  VARIABLES 

Fig.  8.  General  Depiction  of  Ignition  Process. 


For  a  given  energy  level  (the  dotted  line  in  Fig.  8)  a 
series  of  events  are  shown  at  various  times  over  which  the 
sample  is  subject  to  the  flux.  For  some  initial  time, 
nothing  appears  to  be  happening.  If  the  energy  flux  is 
terminated  during  this  time  and  the  sample  examined,  no 
significant  decomposition  of  the  exposed  surface  is  seen. 
Figure  9a  shows  a  sample  of  a  high  energy  propellant 
containing  nitramine  which  was  subjected  to  2()0 
cal/cm^sec  for  a  time  just  prior  to  first  gasification 
(evidenced  by  “first  li^t"  detected  by  a  photodiode).  No 
significant  reaction  has  occurred  but  a  thermal  profile  is 
being  established  within  the  solid.  It  is  not  until  the 
“first  gasification"  lime  is  achieved  that  the  sample  starts 
to  significantly  decompose.  The  flux  hu  established  and 
deepened  the  thermal  profile  in  the  solid  until  a  surface 
temperature  is  reached  that  causes  significant  abla¬ 
tion/decomposition  at  the  surface.  For  exposures  slightly 
longer  than  the  time  necessary  for  this  initial  gasifica¬ 
tion,  tile  sample  continues  to  gasify  but  does  not  ignite 
in  the  classic  sense  of  ignition.  That  is,  if  the  external 
energy  flux  is  removed,  the  sample  will  cease  gasifying, 
the  temperature  profile  in  the  solid  will  collapse,  and  the 
sample  will  not  combust  Figure  9b  is  a  sample  subjected 
to  2(X)  cal/cm^sec  at  a  time  just  after  first  gasification  (as 
evidenced  by  "first  light")  and  shows  some  decomposition 
of  the  surface,  while  Fig.  9c  shows  another  sample  at  200 
cal/cm^sec  and  a  time  just  less  than  that  required  for 
"go/no-go"  ignition.  This  sample  shows  significant 
decomposition.  Ignition  is  not  achieved  until  the  condi¬ 
tions  of  flux-time  associated  with  the  line  indicated  as 
"go/no-go  ignition"  on  Fig.  8  have  been  achieved.  At 
this  time,  and  for  longer  exposure  times,  the  sample  is 
ignited  in  the  sense  that  if  the  external  energy  flux  is 
removed,  the  sample  will  continue  to  bum  by  itself  with¬ 
out  the  external  ctimulus  (Ref.  4).  There  is  another  region 
of  "overdriven"  combustion-higher  fluxes  and  steeper 
thermal  profiles,  where  removal  of  the  flux  will  also  cause 
the  sample  to  extinguish  (Ref.  S). 


Figure  8  is  a  generalized  depiction  of  the  ignition 
process.  It  defines  three  regions  separated  by  two  lines: 


Inert  heating  region 
First  gasification  line 
Pre-ignition  region 
Go/no-go  ignition  curve 
Self-sustained  combustion  region 


The  location  of  these  lines  and  their  relationship  to  llie 
described  regions  is  dependent  on  many  variables. 
Propellant  fomiulation,  external  energy  level,  and  test 
pressure  all  contribute  to  the  time  relationship  between 
the  establishment  of  the  thermal  profile  and  self-sustained 
combustion. 


9-“! 


(i)  o»)  ,  w 

Fig.  9.  Nitramine  Containing  Propellant  Exposed  to  200  cal/cm'sec  at  (a)  Prior  to  First  Light/Gasification, 
(bj  Just  After  First  Light/Gasification,  and  (c)  At  a  lime  Preceding  Go/No-Go  or  Complete  Ignition. 


Exposing  1  solid  propellint  to  high  energy  levels  may 
not  be  sufficient  to  initiate  combustion.  The  pre-ignition 
region  is  important  in  that  it  is  in  this  region  that  the 
solid  has  gasiHed  into  reactive  intermediate  species 
(pyrolysis  products),  but  these  intermediate  species  have 
not  reacted  to  final  products;  thus  self-sustained  combus¬ 
tion  has  not  been  attained.  Unfortunately,  many 
investigators  view  propellant  ignition  as  simply  a  switch 
based  on  a  critical  surface  temperature  of  the  solid.  When 
satisfied,  an  instantaneous  change  is  made  from  a  non¬ 
reacting  inert  solid  to  burning  at  steady-state  with  fiiliy 
reacted  gases.  While  this  criteria  may  be  useful  in  some 
cases  of  ammonium  perchlorate-rubba  propellants  where 
the  samples  ignite  almost  immediately  after  first 
gasification,  it  does  not  match  reality  for  all  solid 
propellants  and  test  conditions  (Ref.  2).  Concepts  such 
as  minimum  ignition  energy  or  ignition  temperatures  have 
been  introduced  in  this  manner,  notions  which  have 
certain  merits  in  spite  of  the  fact  that  their  meaning  is 
equivocal  and  that  boundary  conditions  are  important, 
which  usually  is  ignored  when  applying  the  data  to  other 
situations.  In  general,  AP-based  propellants  tested  at  low 
flux  levels  and  high  ambient  pressures  show  little  or  no 
detectable  difference  between  go/no-go  and  flrst  light/first 
gasiflcation.  Nitramine  based  propellants  under  similar 
conditions,  display  significant  pre-ignition  behavior  (Ref. 
6).  Pre-ignition  Ixnavior  can  be  demonstrated  in  the  AP- 
based  propellants  by  increasing  the  flux  level  and 
decreasing  the  test  pressure  (Ref.  7). 

Typical  Results 

The  effects  of  flux  and  of  pressure  are  shown  in  Fig.  10 
for  a  predominantly  ammonium  perchlorate-HTPB  binder 
propellant.  The  effect  of  flux  is  clearly  seen  for  the  flrst 
gasification  line  and  the  various  goAio-go  lines.  The 
effect  of  pressure  is  also  clearly  shown.  Since  the  first 
guification  is  essentially  the  ablation  of  the  solid  and 
primarily  dependent  on  surface  temperature,  pressure 
should  have  little  or  no  effect  on  this  line.  However,  the 
rate  of  conversion  of  pyrolysis  products  to  final  reartion 
products  is  very  pressure  dependent  and  the  go/no-go 
ignition  locus  reflects  that  pressure  dependence.  Tlte 
region  of  pre-ignition  reactions  discussed  earlier  (the 
difference  between  first  guification  and  go/no-go  lines)  is 
clearly  evident  for  the  30  psia  case,  u  is  the 
diminishment  of  the  pre-ignition  region  with  pressure 
increue  to  100  and  200  psia. 


for  a  cut  modified  double  bue.  Propellants  incorporating 
high  nitramine  loading  also  display  this  pronounced  pre¬ 
ignition  behavior. 

The  implications  of  the  pre-ignition  region  on  deflagration 
to  detonation  transition  and  other  transient  combustion 
related  hazards  hu  been  discussed  in  Refs.  6,  8,  and  9. 
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Fig.  10.  Effect  of  Flux  and  Pressure  on  Ignition 
of  Ammonium  Perchlorate-HTPB  Piopellant. 


Fig.  1 1 .  Effect  of  Flux  and  Pressure  on  Ignition 
of  Cast  Modified  Double  Base  Propellant. 


Similar  behavior,  but  with  even  more  pronounced  pre¬ 
ignition  behavior,  is  shown  in  Fig.  11,  the  ignition  map 


This  is  a  general  overview  of  ignition  due  to  thermal  flux 
delivered  to  the  surface  (the  examples  given  were  for 
radiant  flux).  A  more  detailed  de^ption  of  ignition  is 
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given  in  Reference  1,  end  ii  pert  of  this  course  (Professor 
Kuo's  discussion  of  ignition).  Reference  1  elso  discusses 
ignition  due  to  impact,  friction,  fracture,  and  electrostatic 
discharge. 

In  addition  to  a  basic  understanding  of  ignition,  there 
exist  several  "rules  of  thumb"  that  people  sometimes  use. 
Two  such  "rules"  that  are  sometimes  helpful  are; 

(1)  Propellanu  based  on  ammonium  perchlorate  often 
ignite  u  soon  as  the  stimulus  causes  rapid  gasification  of 
the  propellant.  Remember  AP  propellants  usually  have 
less  of  a  pre-ignition  region  thim  do  double-base  or 
nitramine  based  propellants. 

(2)  Within  a  family  of  propellants,  the  faster  the 
burning  rate  the  easier  it  is  to  ignite  the  propellant. 

As  with  all  “rules  of  thumb,"  the  above  rules  should  not 
be  blindly  used. 

What  are  some  of  the  implications  for  hazards  based  on 
the  above  discussion?  Obviously  propellants  that  don’t 
ignite  at  low  pressures  (i.e.,  don't  sustain)  have  some 
advantages  in  several  hazard  areas.  We  also  know  that 
high  bum  rate  propellants,  especially  those  incorporating 
ammonium  perchlorate  and  catocene,  ignite  easily;  in 
some  cases  during  routine  storage  and  handling.  As  will 
be  briefly  shown  later,  and  in  more  detail  in  Reference  I, 
propellants  with  significant  pre-ignition  behavior,  friabil¬ 
ity,  and  shock  sensitivity  are  extremely  susceptible  to 
deflagration  to  detonation  transition  (DDT)  and  other 
forms  of  delayed  detonation. 

COMBUSTION 

The  pressure-time  history  due  to  burning  propellant  in  a 
closed  (or  semi-closed)  container  is  a  function  of  several 
considerations  and  can  result  in  propulsion,  explosion  and 
even  transition  to  detonation.  As  shown  earlier  in  the 
simpliHed  fragment  impact  protocol,  the  balance  between 
gas  generation  vs  gas  venting  determines  whether  an 
explosion  can  occur.  Similarly  a  deflagration  to  detona¬ 
tion  transition  can  occur  if  several  conditions,  some 
related  to  ignition  and  combustion,  are  met. 

The  pressure-time  history  is  a  function  of  the  mass  burn¬ 
ing  rate  which  in  turn  is  a  function  of  the  propellant  den¬ 
sity,  burning  surface  area,  and  surface  regression  rate 
(often  called  the  linear  bum  rate  or  simply  bum  rale) 

p,  t  =  f(m, .  .  .) 
m  =  prAi, 

However,  the  surface  regression  rate  is  a  function  of  pres¬ 
sure,  often  given  as  r  =  Cp". 

From  the  above  brief  discussion,  we  can  see  that  there  are 
several  factors  involved  with  the  combustion  of  a  con¬ 
fined  energetic  materia],  and  how  that  combustion  can  lead 
to  hazardous  situations.  The  pressure-time  produced  from 
the  combustion  of  the  energetic  material  must  be  com¬ 
pared  to  the  dynamic  mechanical  behavior  of  the  case, 
with  proper  consideration  of  the  venting,  to  determine  the 
overall  response.  The  gas  production  rate  produced  by  the 
propellant  is  a  function  of:  (1)  the  surface  regression  rale 
of  the  propellant,  which  in  turn  is  a  function  of  the 
pressure,  and  (2)  the  bum  surface  area  of  the  propellant 
which  is  in  turn  a  function  of  the  surface  regression 
history. 


The  following  sections  briefly  discuss  bum  rate  and  bum 
area  considerations,  as  well  as  providing  references  to 
more  detailed  discussions. 

Burn  Rates  of  Energetic  Materials 

The  rate  at  which  a  solid  is  converted  to  gas  during  com¬ 
bustion  is  commonly  called  the  bum  rale  and  is  a  function 
of  pressure,  as  discussed  above,  initial  sample  tempera- 
oire,  and  boundary  considerations  such  as  flow  past  the 
surface  (often  called  erosive  burning).  (This  topic  is  dis¬ 
cussed  in  another  section  of  this  lecture  series.)  The 
effects  of  pressure  and  initial  sample  temperature  are 
shown  in  Fig.  12a. 


Fig.  12a.  Burn  Rate  as  a  Function  of  Pressure 
and  Initial  Sample  Temperature. 


Fig.  12b.  Bum  Rate  as  a  Function  of  Pressure, 
Showing  a  Slope  Break  at  High  Pressure. 


Binm  rates  have  been  measured  using  various  devices. 
These  devices  and  the  data  that  they  produce  have  been 
reviewed  in  Ref.  10.  As  discussed  in  Ref.  10,  there  are 
basically  two  types  of  combustion  bombs;  low  loading 
density  (lest  than  0.01  gram  of  sample  per  cubic  centime¬ 
ter  of  bomb  volume)  combustion  bombs  (LLDCB),  such  as 
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strtnd  burners  or  window  bombs,  and  high-toading  density 
(greater  than  O.OI  gram  per  cubic  centimeter)  combustion 
bombs  (HLDCB),  such  as  the  closed  bomb.  The  LLDCB 
are  essentially  constant-pressure,  constant-volume  devices 
which  give  the  bum  rate  at  a  given  pressure.  To  get  a 
bum  rale  versus  pressure  curve,  multiple  runs  have  to  be 
made. 

The  HLDCB  is  essentially  a  constant-voltune  device.  As 
the  sample  bums,  the  pressure  within  the  closed  vessel 
increases.  By  measuring  the  pressure-time  record  of  the 
process  and  applying  suitable  thermochemistry,  the  mass 
burning  rate-time  can  be  calculated.  By  assuming  a  form 
function  (a  bum  area-surface  regression  relationship),  the 
surface  regression  rate  (bum  rate)-pressure  relationsUp  can 
be  calculated.  Thus  in  one  run,  a  bum  rate-pressure  curve 
can  be  calculated. 

Bum  rate  data  are  required  for  protocol  considerations  as 
discussed  earlier,  and  in  other  protocols  presented  in  Ref. 

1.  The  data  are  used  in  other  not  so  obvious  ways:  (1) 
the  slope  of  die  bum  rate-pressure  curve,  when  plotted 
logarithm  bum  rate-logarithm  pressure  is  tlie  bum  rale 
exponent  (n  in  the  equation  r  =  Cp")  and  can  give  some 
indication  of  potentid  hazards,  and -(2)  the  temperature 
and  pressure  sensitivity  of  bum  rate,  coupled  with  igni¬ 
tion  data,  can  be  used  to  evaluate  kinetic  parameters,  that 
are,  in  turn,  “frozen”  input  variables  to  be  used  in  tran¬ 
sient  combustion  codes  to  predict  convective  combustion 
and  deflagration-lo-detonalion  transition. 

Bum  rate  exponents  very  near  unity  and  above  are  to  be 
avoided  since  a  small  increase  in  pressure  has  a  corre¬ 
sponding  larger  effect  on  bum  rale,  which  increases  the 
pressure,  and  increases  the  bum  rate  and  so  on  until  a  case 
failure  or  explosion  results.  In  rocket  propellants  slope 
breaks  u  illustrated  in  Fig.  12b  often  occur  at  high  pres¬ 
sures.  Many  timer  the  high  pressure  portion  of  the  bum 
rate  curve  hu  a  bum  rate  exponent  very  near  or  slightly 
greater  than  one.  (NOTE:  Before  leaving  this  subject  of 
bum  rate  exponent,  it  should  be  mentioned  that  one  must 
be  cautious  of  data  showing  slope  breaks  in  bum  rale 
curves.  In  some  instances,  combustion  within  the 
sample,  as  will  be  discussed  later,  occurs  and  as  a  result 
the  burning  surface  area  is  increased.  If  the  tests  were  run 
in  a  HLDCB,  and  if  the  pressure-time  curve  were  treated 
using  a  laminar  regression  of  the  sample  form  factor 
description,  then  a  higher  surface  regression  rate  than 
actually  occurring  would  be  predicted.  Thus  a  slope  break 
may  be  predicted  in  the  bum  rate  where  none  occurred  - 
the  increase  was  in  the  bum  area.] 

The  sensitivity  of  bum  rate  to  pressure  and  initial  sample 
temperature,  coupled  with  flux-tine  ignition  data  can  be 
used  to  determine  kinetic  parameters  to  be  used  in  a  tran¬ 
sient  combustion  analysis.  These  transient  combustion 
analyses  are  used  to  model  high  rale  combustion  phenom¬ 
ena  such  as  deflagration  to  detonation.  In  fact,  transient 
combustion  analyses  quui  bo  used,  as  opposed  to  combus¬ 
tion  descriptions  such  as  r  =  Cp",  if  one  is  to  fully  pre¬ 
dict  the  various  aspects  of  DDT  (a  later  section  will  dis¬ 
cuss  this  subject).  This  is  because  the  plots  of  Fig.  12 
are  essentially  the  “steady  state"  values  of  bum  rate- 
pressure,  and  may  be  altered  in  very  rapidly  changing 
environments  such  as  present  in  DDT  experiments.  A 
mistake  often  made  by  analysts  is  to  try  to  apply  steady 
state  data  to  a  highly  transient  ailualion  -  almost  imply¬ 
ing  that  the  transient  is  a  special  case  of  steady  state, 
when  in  reality  steady  sute  is  the  special  case  of  fully 
transient. 


If  one  keeps  the  above  consideration  in  mind,  one  can  use 
the  bum  rate  data  and  ignition  data  as  special  cases  to 
evaluate  kinetic  data. 

Discussion  of  such  a  model  is  beyond  the  scope  of  this 
paper  but  can  be  found  in  Ref.  12.  Briefly,  these  models 
are  based  on  two  competing  solid  to  pyrolysis  product 
reactions,  followed  in  each  path  by  sequential  pyrolysis 
product  to  final  product  second  order  gas  phase  reactions. 
The  kinetic  parameters  of  Arrhenius  pre-factor  and  activa¬ 
tion  energy  (four  pre-factors  and  four  activation  energies) 
together  with  corresponding  energy  release  are  determined 
by  evaluating  what  values  give  the  best  fit  to  actual  bum 
rate  (r  =  r(p,To)]  data  and  flux-time-pressure  ignition  data. 
These  parameters  are  then  “frozen”  and  used  in  other 
experiments  to  predict  laser  augmented  bum  rate,  convec¬ 
tive  combustion,  and  DDT. 

Burn  Area 

Bum  area  is  an  extremely  important  determinant  of  the 
hazard  severity  given  inadvertent  ignition  of  the  propel¬ 
lant  Damage  is  involved  in  many  hazard  scenarios  such 
as  bullet/fragment  impact,  ESD,  and  some  slow  cook-off 
areas.  The  damage  can  be  pre-exLsting  before  ignition/ 
combustion,  or  it  may  accompany  the  ignition/ 
combustion.  The  burning  of  pre-strained  (hence,  in  some 
cases,  pre-damaged  propellant)  is  described  below. 

The  Effect  of  Strain  on  the  Burning  Rates  of 
High  Energy  Solid  Propellants 

High  energy  propellants  usually  have  a  high  solids  lord¬ 
ing  (the  portion  of  solid  ingredients  such  as  ammonium 
perchlorate  (AP),  cyclotetramethylenetetranitramine 
(HMX),  aluminum  and  other  ingredients  such  as  solid  cata¬ 
lysts)  as  compared  to  the  polymeric  binder.  An  obvious 
condition  accompanying  high  solids  loading  is  that  there 
is  less  polymeric  binder  “glue"  to  hold  the  solid  particles 
together  to  form  propellants  having  acceptable  mechani¬ 
cal  properties.  Given  these  highly  loaded  propellants, 
one  would  like  to  know  such  things  as  how  far  can  a  pro¬ 
pellant  be  strained  before  ballistic  anomalies  (such  as 
bum  rate  augmentation)  become  significant. 

The  burning  rate  of  a  high  energy  propellant  as  a  fur.ction 
of  strain  is  presented  in  Fig. 13.  [NOTE:  The  propellant 
was  strained  prior  to  burning.  Thus  any  damage  was  pre¬ 
existing  and  held  open.]  The  data  show  that  no  signifi¬ 
cant  augmentation  of  burning  rate  occurs  for  pressure 
below  500  psi  regardless  of  strain  (the  samples  fail  at 
approximately  25%  strain).  At  higher  pressures 
(p^750psi)  bum  rate  augmentation  appears  for  strains 
above  approximately  8%.  At  1500  psi  and  strains  above 
approximately  12%,  the  sample  bums  in  a  vigorous  and 
nonplanar  fashion  precluding  meaningful  measurement  of 
a  linear  surface  regression. 

Data  for  several  types  of  propellants  show  bum  rate 
increase  at  pressures  and  strains  greater  than  some  thresh¬ 
old  values.  (The  magnitude  of  the  threshold  values 
depends  on  the  propellant.)  It  should  be  emphasized  that 
both  threshold  values  have  to  be  exceeded,  exceeding  just 
one  is  not  sufficient.  For  example  high  strain  but  low 
pressure  will  not  cause  augmentation  nor  will  high  pres¬ 
sure  but  low  strain. 

The  mechanical  response  of  the  propellants  to  strain  was 
studied  using  a  binocular  microscope.  These  studies 
showed,  using  the  propellant  of  Fig.  13a  as  an  example, 
that  at  4%  strain,  dtbondt  (separation,  on  a  micro-scale. 


9-8 


of  the  solid  panicle  from  the  polymeric  binder)  between 
ingredients  occurs.  Between  9-11%  strain,  these  debonds 
are  often  fully  developed  cracks,  with  the  walls  of  the 
crack  in  close  proximity.  At  approximately  16%  these 
cracks  are  open  voids;  that  is,  the  walls  of  the  crack  are 
no  longer  in  contact  with  one  another.  At  approximately 
24%  the  sample  is  oflm  riddled  with  large  cracks  and  the 
sample  fails. 

Tiie  above,  coupled  with  our  knowledge  of  flame  stand-off 
distance  decrease  with  pressure  increase,  provides  a 
mechanistic  understanding  for  the  bum  rate  augmenution 
due  to  strain  uui  pressure.  The  mechanism  is  shown  in 
Fig.  13b.  At  low  strain  values  the  propellant  is  not  sig¬ 
nificantly  damaged  and  so  regardless  of  the  flame  stand-off 
(Fig.  13b  (top))  augmentation  will  not  occur.  When  the 
propellant  is  highly  strained  and  Fissured,  augmentation 
occurs  if  the  flames  can  penetrate  into  these  fissures.  At 
low  pressures  the  flame  stands  too  far  from  the  surface  to 
allow  penetration,  but  at  high  pressures  the  flame  is  close 
enough  to  the  surface  to  penetrate  the  Fissures  and  cause 
bum  rate  augmentation. 


penetration  into  the  defects,  then  bum  rate  enhancement 
can  occur. 

In  addition,  Professor  Kuo  and  co-workers  at  Pennsylvania 
State  University  have  studied  the  combustion  of  propel- 
lanu  with  various  cracks  and  other  defects,  observing 
crack  growth  during  combustion. 

In  addition  to  the  growth  of  cracks  during  combustion 
there  are  other  dynamic  effects.  As  bum  rate  increues  the 
thetmal  zone  gets  thinner  and  the  thermal  gradient  gets 
stMper.  Under  these  conditions  many  samples,  and 
inpedients  within  samples,  crack,  allowing  combustion 
into  these  fissures.  Under  some  conditions  the  cracking 
is  so  severe  that  the  sample  actually  comes  apart.  Robert 
Fifer  and  hit  colleagues  at  the  Ballistic  Research 
Laboratory  have  extensively  snidied  this  deconsolidation, 
and  the  reader  is  referred  to  their  works. 

If  the  propellant  undergoes  significant  break-up  then  DDT 
or  other  bum  to  violent  reactions  may  occur.  Ensuing 
sections  of  mis  paper  briefly  discuss  these  possibilities. 


Before  leaving  this  section,  two  other  items  need  to  be 
discussed.  While  most  insensitive  munition  programs 
treat  detonation  as  the  most  serious  event,  this  is  some¬ 
times  not  the  case,  especially  for  ships  at  sea.  Fire  has 
been  and  will  continue  to  be  one  of  the  sailor’s  worst 
fears.  Often  a  ship  can  withstand  the  detonation  of  a  war¬ 
head  and  the  resulumt  fragments,  and  yet  experience  great 
difficulty  with  Fires  caused  by  the  unbumed  propellant 
remaining  in  the  motor.  The  missile  attack  on  the  U.S.S. 
Stark  is  a  good  example.  The  ship  survived  the  detona¬ 
tion  of  the  Exocet  warhead;  however,  the  unspent  propel¬ 
lant  caused  Fires  that  probably  would  have  sunk  the  Stark 
had  not  several  fortunate  instances  occuired  (e.g.,  the 
Stark  was  not  in  a  high  tea  condition,  and  a  salvage'  tug 
with  Fire  fighting  capability  happened  to  be  relatively 
close  to  the  Stark  when  the  Stark  started  to  Imm). 
Similarly,  many  ships  of  the  United  Kingdom  were  lost  to 
Fire  in  the  Falkland’s  campaign. 


Fig.  13a.  Burning  Rale  of  a  High  Energy  Propellant 
as  a  Function  of  Pressure  and  Strain. 
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Fig,  13b.  A  Mechanism  for  the  Augmentation  of 
Burning  Rate  Due  to  Pressure  and  Strain. 


Since  flame  penetration  into  the  defects  seems  to  be 
required  for  bum  rate  enhancement  a  study  was  done  using 
propellants  that  had  been  strained  almost  to  failure  and 
then  the  tension  removed.  The  voids  closed  and  when 
these  samples  with  the  closed  voids  were  burned,  the  bum 
rate  was  identical  to  the  undamaged  propellant  burned  at 
that  pressure. 


The  other  point  to  be  made  is  that  combustion  insubility 
may  cause  missile  motors  to  explode.  Fortunately,  these 
explosions  occur  after  launch,  usually  with  a  good  dis¬ 
tance  between  the  launch  platform  and  the  missile. 

COOK-OFF 

Although  cook-off  has  been  widely  studied,  there  are  still 
many  questions  unanswered  and  much  controversy  sur¬ 
rounding  cook-off. 

When  cook-off  is  discussed  it  usually  is  in  terms  of  fast  or 
slow  cook-off.  Fast  cook-off  is  usually  associated  with 
ordnance  in  a  fuel  Fue,  or  subjected  to  hot  exhaust  gases 
from  adjacent  aircraft  or  starter  motors.  Stow  cook-off  is 
characterized  by  veiy  low  heating  rates  (a  few  degrees  per 
hour  to  a  few  degrees  per  minute).  While  there  is  much 
controversy  surrounding  the  relevance  of  the  heating  rates 
used  in  slow  cook-off  tests,  slow  cook-off  is  a  viable 
consideration.  'The  slow  heating  rates  occur  primarily  in 
storage  or  handling  mishqrs.  (For  example,  munitions  in 
a  rail  car  healed  by  the  burning  of  adjacent  rail  cars,  or 
munitions  in  stor^use  adjacent  to  a  burning  storehouse, 
or  weqions  in  the  hold  of  a  ship  with  Fire  in  adjacent 
compartments.) 


These  data  indicate  that  under  certain  conditions  strain  can 
cause  damage,  and  if  that  damage  is  sufficient  and  open, 
and  if  the  pressure  is  high  enough  to  allow  flame 


A  detailed  discussion  of  thermal  explosion,  the  slowest 
cook-off  -  the  temperature  is  uniform  throughout  the 
sample,  is  contain^  in  Reference  1.  Reference  1  also 
discusses  and  presents  a  hazard  assessment  protocol  for 
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Fig.  14.  Hazard  Assessment  Protocol  tor  Cook-Off  Phenomena. 

-  Is  it  a  result  of  impingement  of  the  exhaust  from  a 
rocket  motor  or  torching  from  a  damaged  rocket 
motor  or  warhead? 

>  The  environment 

-  Is  the  target  in  a  confined  or  unconfined  space? 

•  If  it  is  unconflned,  is  there  air  flow  across  it, 

either  due  to  wind  or  motion  of  the  Tire? 

•  Situational  aspects 

-  Is  the  Tire  separated  from  the  stores  by 

•  Distance? 

•  Intervening  structures? 

-  Arc  the  munitions  in  shipping  containers  or  bare? 

-  Is  there  venting  of  the  compartment  so  that  heat  can 
escape  and  oxygen  can  be  replenished? 

The  description  of  the  heat  source  is  obviously  the 
necessary  first  step,  since  i!  is  the  definition  of  the 
stimulus.  We  are  trying  to  predict  the  response  the 
munition  is  going  to  give  to  this  stimulus,  both  in  terms 
of  initiation  (when  does  a  reaction  occur  and  where,  in  the 
energetic  material  does  it  start)  and  output  (how  violent  is 
the  reaction). 

Heat  Transfer  to  the  Target  System 

The  next  step,  once  we  have  characterized  the  heat  source, 
is  to  describe  how  the  energy  is  transferred  from  the 
source  to  the  munition,  through  conducUon,  convection, 
or  radiation.  This  is  a  necessary,  but  difficult,  task 
usually  done  by  analysis.  The  analysis  is  complicated  by 
many  unknown  prop^es  and  the  Tietd  to  make 
assumptions.  These  usumptiona  often  determine  the 
answer  and  hence  it  is  vital  that  they  are  clearly  stated. 


fast  and  slow  cook-off  and  since  that  time  others  have 
also  attempted  protocols  for  cook-off.  The  following  is 
from  a  joint  Australia,  Canada,  United  Kingdom,  and 
United  States  effort. 

There  are  several  requirements  to  be  considered  in  the 
cook-off  area.  We  often  refer  to  cook-off  in  terms  of  slow 
cook-off  and  fast  cook-off;  fuel  fire,  bonfire  versus  bulk 
heating,  and/or  thermal  explosion.  Figure  14,  while  it 
includes  these  phenomena,  attempts  to  treat  cook-off  or 
thermal  phenomena  in  a  more  systematic  way.  That  is, 
rather  than  define  requirements  of  cook-off  based  on  some 
test  criterion,  e.g.,  slow  cook-off  is  equivalent  to  a  6°F/hr 
(3.3°C/hr)  heating  rate,  we  choose  instead  to  take  a  more 
general  approach,  from  which  fast  or  slew  cook-off  routes 
emerge  naturally.  The  protocol  is  shown  in  flow-chan 
form  in  Fig.  14. 

Heat  Source 

The  flrst  step  is  a  description  of  the  heat  source.  This 
must  include; 


Is  it  a  Are? 

>  What  is  the  fuel  and  its  extent?  What  are  the  air 
sources?  Are  there  other  combustibles? 

Is  it  indirect  heating  caused  by 

•  An  adjacent  Are? 

•  Fire  in  an  adjacent  compartment  separated  from  the 

target  system? 

Is  it  caused  by  a  steam  leak? 

Is  it  a  result  of  impingemeut  of  exhaust  from  a 
“huffer"  (aircraft  staner  blower)  or  from  an  adjacent 
aircraft  exhaust? 
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The  result  of  the  heat  transfer  analysis  is  a  description  of 
the  energy  flow  to  the  munition  and  a  description  of  the 
thermal  response  of  the  munition  .  This  thermal  response 
is  usually  described  in  terms  of  temperature-time-position 
profiles  in  the  munition  . 

Temperature-Tlme-Posltlon  Profiles 

If  the  temperature  gradient  is  very  low,  not  much  heat  is 
being  transferred  into  the  munition;  and,  if  the  time  is  not 
excessively  long,  the  energetic  material  remains  at  some 
low  or  modest  temperature  and,  usually,  no  event  occurs. 
This  is  the  desired  result,  but  unfortunately  many 
situations  do  not  yield  this  result. 

Fast  heating  rates,  associated  with  a  munition  in  a  fuel- 
fire,  or  subject  to  hot  exhaust  gases,  or  the  effects  of 
torching,  usually  produce  sleep  temperature  gradients 
within  the  munition  causing  rapid  heal  transfer  into  it, 
resulting  in  the  outer  portions  attaining  very  high 
temperatures.  This  is  the  so-called  fut  cook-off  regime. 

On  the  other  hand,  heating  which  produces  low 
temperature  gradients  in  the  weapon,  but  is  applied  for 
long  periods  of  time  can  bring  the  bulk  of  the  item  to  a 
relatively  uniform  high  temperature,  as  opposed  to  the 
steep  gradients  characteristic  of  fast  cook-off  situations. 
This  slow-cook-off  regime  often  produces  violent  events, 
because  ignition  tends  to  occur  at  or  near  the  center  of  the 
energetic  material,  and  chemical  decomposition  is 
accelerated  by  self-confinement.  Fast  cook-off  regimes, 
by  contrast  t^  to  lead  to  lower  intensity  events,  because 
ignition  occurs  near  the  case-energetic  material  interface 
and  the  case  may  fail  early.  Some  motor  cases  are 
intentionally  designed  to  fail  at  high  temperatures  to 
relieve  confinement  and  prevent  cauttrophic  response. 

The  process  for  evaluating  the  response  of  a  munition  to 
cook-off  is  iterative,  requiring  several  separate  reviews  of 
the  ihermomechanical  environment  during  the  evolution 
of  the  thermal  environment  until  a  reaction  occurs,  or  it  is 
clear  that  it  cannot. 

Time  Increments 

The  selection  of  time  intervals,  appropriate  to  the 
munition  under  review,  will  require  an  ^rpreciation  of  the 
mechanical  and  ihermomechanical  characteristics  of  the 
munition  . 

Uniform  step  increases  in  time  are  not  essential,  u 
experience  and  knowledge  of  the  munition  may  enable  a 
more  efficient  “phase  to  phase”  progression  to  be 
adopted. 

Thermomccbnnlcal  Description  of  the  System 

On  the  initial  pus  through  the  protocol,  the  Ihermome- 
chanical  description  may  be  confined  to  a  simple  iqrpraisal 
of  the  design  and  its  relationship  to  its  surroundings.  This 
should  be  sufficient  to  indicate  whether  the  cate  will  be 
ruptured  before  there  hu  been  any  qrpreciable  heat  transfer 
to  the  interior  of  the  store.  For  example,  is  the  case  ntled 
with  any  thermally  initiated  mitigation  deices?  What  is 
the  case  material?  Is  it  fabricated  from  htmtogeneous 
metal,  composite  metal/  nonmetal,  or  composite  nonmetal/ 
nonmetal?  Are  there  any  stress  raisers,  etc.?  On  subse¬ 
quent  pastes  through  the  protocol,  the  effects  of  tempera¬ 
ture  on  thermomechanical  properties  will  need  to  be  taken 
into  account  for  all  energetic  and  nonenergetic  materials 
affected  by  heat.  The  description  is  also  required  to  auitt 
the  determination  of  T  ■>  T(x,t)  and  identify  effects  of  phase 
changes  and  chemical  reactions,  e.g.,  pyrolysis.  These 


will  give  system  pressurization  rates,  changes  of  thermal 
insulation  effects,  etc.  In  some  cases  chemical  reactions 
produce  significant  changes  in  materi  Us  properties,  e.g., 
intumescence  u  a  result  of  charring,  'dasic  data  required  for 
such  evaluations  will  include  the  hej>  transfer  characteris¬ 
tics  of  the  cue  and  chemical  descri’Kions  of  all  materials 
used,  such  u  adhesives,  insulants,  energetics,  etc. 

Pyrolysis  Products 

It  hu  been  utablished  Uiat  pyrolysis  products  can  influ¬ 
ence  the  failure  mechanism  of  munitions  in  fuel  fires.  If 
pyrolysis  products  are  generated  between  the  cue  and 
energeUc  material,  say  from  the  decomposiUon  of  an  insu¬ 
lator,  and  diese  products  ue  unable  to  escape,  a  localized 
increase  in  pteasure  will  be  generated.  This  pressure  may 
cause  the  energetic  material  to  be  damaged,  or  it  may  lead 
U>  rupnire  of  the  case. 

However,  if  the  pyrolysis  products  are  able  to  escape  and 
evenmally  attain  Uieir  fluh  psint.  this  can  lead  to  igni¬ 
tion  of  the  free  surface  of  the  energetic  material. 

It  may  be  that  Uie  pressurizin'  m  is  the  res  -’t  of  effects  in 
other  than  the  energetic  maten:  1  and  a  pressure  burst  of 
the  case  can  occur  without  significant  energetic  material 
reaction.  The  latter  may  ign'te  later  in  an  unconfined 
state. 

Other  Ignition  Mechanisms 

The  energetic  material  may  reach  its  ignition  temperature 
by  internal  decomposition  reactions,  or  as  a  result  of 
impinging  flamefs)  after  some  damage  to  the  cue  or  its 
closures. 

System  Specific  -.'onslderations 

The  munition  or  its  storage  container  or  conditions  may 
impose  speciHc  p'efereiuial  heat  flow  paths  into  the  ener¬ 
getic  material,  to  il  ar  local  intense  heating,  sufficient  to 
cause  rapid  decomp  i.iilion  can  result.  Alternatively, 
thermal  batteries,  bc  isters,  igniters,  etc.,  may  preferen¬ 
tially  ignite.  Ignition  of  a  rocket  propellant  or  a  thermal 
ball^  may  occur  through  the  nozzle  of  a  rocket  motor. 

No  protocol  can  legislate  for  all  possible  combinations 
and  permutations  of  munition  usemblies.  It  is  therefore 
incumbent  upon  the  uiessor  to  consider  if  there  are  any 
othen  which  could  affect  the  response  of  the  store. 

Location  of  Ignition  Point 

Evidence  exists  from  many  experimental/lheoretical 
sourcu  that  the  location  of  the  point  of  ignition  is  a 
direct  outcome  of  the  rate  of  heating.  Slow  heating 
results  in  central  initiation,  fut  heating  in  surface  initia¬ 
tion.  In  general  all  those  ignitions  occurring  within  the 
body  of  the  energetic  material  have  at  leut  tome  tendency 
towards  self  acceleration  due  to  self  conTinement.  The 
point  at  which  the  self-conflnement  effect  it  ttifTicient  to 
change  the  process  from  bunting  to  explosion  is  a  func¬ 
tion  of  the  latest  thermomechanical  description  of  the 
system.  This  analysis  enables  a  clear  distinction  to  be 
made  between  slow  and  fut  cook-off  regimes. 

The  slow  cook-off  regime  requiru  a  reevaluation  of  the 
Ihermomechanical  environment,  since  substantial  material 
properties  changes  may  have  occutred  due  to  the  slow 
temperature  rise.  TheM  effects  may  or  may  not  lead  to 
DDT,  explosion,  propulsion,  etc.,  dependent  upon  the 
nature  of  the  confmement  andfor  the  chemical  reactions 
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generated  in  the  energetic  material  and/or  materials  in 
contact  with  it.  It  it  important  in  the  fut  cook-off 
scenario  to  know  where  the  ignition  occurs,  so  that  the 
likely  effect  of  self-confinement  of  the  energetic  material 
in  conjunction  with  the  case  can  be  assessed.  If  igniuon 
occurs  at  an  internal  free  surface  (e.g.,  interior  of  a  rocket 
motor  grain),  or  at  the  cue/energetic  material  interface, 
there  is  a  need  to  re-evaluate  the  thermomechanical  envi¬ 
ronment  before  assessing  whether  DDT,  explosion, 
propuIsion,bum,  etc.,  can  occur. 

In  each  case  the  same  questions  need  to  be  asked  and, 
dependent  upon  the  chemical  kinetics  and  the  effect  of  the 
thermal  environment  to  diie  on  the  structure  of  the  sys¬ 
tem,  the  same  four  possibilities  of  event  emerge;  detona¬ 
tion,  explosion,  propulsion,  or  bum. 

Reference  1  discusses  various  cook-off  tests  and  provides 
data  from  the  various  tests. 

DELAYED  DETONATION  REACTIONS 

There  are  several  delayed  detonation  reactions.  These 
mclude  the  widely  studied  deflagration  to  detonation 
(DDT),  the  reactions  labeled  XDT,  and  bum  to  violent 
reactions  (BVR)  up  to  and  including  detonation. 

DEFLAGRATION-TO-DETONATION  TRANSITION 
(DDT) 


The  next  consideration  is  whether  or  not  sufficient 
surface-lo-volume  and  porosity  exist.  Figure  16  presents 
the  limits  of  DDT  for  granulated  propellant  samples  of  a 
given  type  (Ref.  11).  This  plot  shows  that  you  must  have 
sufficient  ThID  -  for  this  propellant  formulation  and  con¬ 
finement  about  49%  TMD;  any  lest  will  not  sustain  and 
accelerate  the  reaction.  If  the  sample  is  too  dense,  the 
DDT  reaction  will  not  occur.  Similarly  there  it  a  range  of 
surface  to  volume  required  (100-700  inches'*)  if  DDT  it  to 
occur.  If  these  conditions,  or  similar  conditions  for  other 
samples,  are  not  met  then  a  DDT  reaction  is  extremely 
improbable.  Although  tra'  ition  to  detonation  may  not 
be  probable,  an  explosion  may  still  occur.  In  order  to 
determine  whether  an  explosion  may  occur,  the  pressure 
and  the  rate  of  pressurization  caused  by  gasification  must 
be  determined  and  compared  to  the  rupture  characteristics 
of  the  motor  case. 


This  technical  area  considers  whether  or  not  a  propellant 
reaction  can  transition  from  a  burning  reaction  to  a  deto¬ 
nation.  The  considerations  are  shown  in  the  flow  chart 
(Fig.  IS).  The  key  requirement  for  this  transition  to  occur 
is  a  sufficient  surface  to  volume  ratio  and  porosity  of  the 
energetic  sample  either  through  manufacture  and  loading, 
in  the  case  of  some  gun  propellants,  or  through  large 
scale  damage  in  the  case  of  missile  propellants.  For  mis¬ 
sile  propellants  the  first  consideration  then  is  the  likeli¬ 
hood  of  the  propellant  being  damaged  either  before  or  dur¬ 
ing  the  bum.  This  is  a  critical  consideration  because, 
with  rare  exceptions,  it  is  impossible  for  a  consolidated 
propellant  at  near  theoretical  maximum  density  (TMD)  to 
undago  a  DDT  reaction. 


Fig  16.  Limits  of  DDT  lor  Granulated  Propellant 
Samples  (Ref.  11). 

If  the  propellant  is  damaged  and  if  the  resulting  %TMD 
and  surface-to-volume  ratio  are  in  the  "right"  range  then 
DDT  is  extremely  likely.  Whether  or  not  the  DDT  occurs 
is  determined  by  the  pressure  and  pressurization  rate 
within  the  vessel  and  the  rupture  characteristics  of  the 
vessel  (motor  case).  If  the  motor  case  ruptures  "too 
soon,"  then  confinement  is  lost  and  the  DDT  reaction 
becomes  unlikely.  (The  rupture  may  be  a  violent  explo¬ 
sion.)  The  rupture  characteristics  of  the  vessel  need  to  be 
determined  experimentally  and/or  analytically  but  will  not 
be  discussed  fVirther  in  this  paper. 


IS  PROPELLANT  LIKELY— DDT  UNLIKELY 
TO  BE  DAMAGED? 

YES 

NO 

IS  POROSITY  IN _ ^  EXPLOSION  MAY 

"RIGHT  RANGE?  OtXUR 

I  YES 

DDT  MAY  OCCUR, 
cmsiDER  POLUDWING 

P-* 

PROCESS  CCr  SIDERATIONS 
I  ^  IGNITER 

TRANSIENT  COMBUSTION 

COMPACnON 

PERMEABIUTY/DRAG 

'  ' 

- ►CONFINEMEm' 

Fig.  15.  Hazard  Analysis  Protocol  for  Dsflagration 
to  Detonation  Transition. 


The  distance-time  history  of  a  DDT  reaction  of  1080  pm 
HMX  powder,  originally  loaded  in  a  heavy  walled  tube  to 
61%  WD  is  shown  in  Fig.  17.  The  figure  shows  the 
build  up  to  detonation  that  occurs  104  mm  down  the  tube 
and  after  approximately  400  pseconds.  [Note;  In  this 
experimenL  time  =  0  was  taken  to  be  Hrst  detection  of 
luminosity  at  the  igniter  interface,  not  necessarily  first 
reaction  of  the  igniter.]  After  this  transition  the  detona¬ 
tion  wave  moves  through  the  rest  of  the  sample  at  5.9 
mm/psec.  The  location  of  the  lines  in  the  x-t  plane  are 
strongly  influenced  by  several  considerations.  These 
include  the  degree  of  conrinement,  the  strength  or 
"brisance"  of  the  ignition  stimulus,  the  sanqile  thermo¬ 
chemical  and  physical  characteristics,  the  chitfge  dimen¬ 
sions  (diameter  and  column  length),  and  the  intrinsic 
detonability  of  the  material.  The  physical  characteristics 
of  the  sample  include  the  size  and  shape  of  the  damaged 
pieces,  the  porosity  and  gas  permeability,  and  the  com¬ 
pressibility.  The  thermochemical  considerations  include 
the  chemical  composition  of  propellant,  pyrolysis  prod¬ 
ucts,  and  final  producu;  the  kinetics  and  energetics  asso¬ 
ciated  with  the  pyrolysis  (solid  propellant  going  to 
reactive  intermediate  species)  process,  and  the  kinetics 
and  energetics  associate  'viUi  the  conversion  of  the  reac¬ 
tive  intermediate  gases  to  final  products. 
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It  must  be  stressed  that  the  above  items  are  listed  sepa¬ 
rately  but  in  fact  the  DDT  process  is  a  highly  coupl^ 
interaction  of  these  various  considerations. 

From  tlie  above  discussion  it  can  be  seen  that  the  follow¬ 
ing  types  of  data  are  necessary  in  order  to  predict  whether 
DDT  is  likely  to  occur; 


Figure  18b  shows  the  corresponding  compaction  proHIes. 
At  t  =  0,  the  tube  is  unifctmly  filled  at  61%  TMD.  As  the 
First  material  reacts,  some  of  the  material  is  gasified,  and 
sUrts  pushing  adjacent  material  down  the  tube.  As  the 
reactions  continue,  more  and  more  of  the  powder  is  com¬ 
pacted  by,  and  ahead  of,  the  pressure  wave,  and  a  plug  of 
approximately  8S%  TMD  is  formed. 


•  Strength  and  brisonce  of  ignition  stimulus 

•  Confinement  and  rupture  characteristics  of  the  case 

•  Compaction  behavior  of  the  sample  -  how  the  %TMD 
changes  with  pressure 

•  The  compaction/drag^rmcabiiity  -  the  compaction  is 
caused  by  an  imbalance  of  forces  between  the  drag  of 
the  gases  flowing  over  the  particles  and  the  particles 
ability  to  resist  compression.  As  the  sample  is  com¬ 
pacted,  the  permeability  (the  ability  of  gas  to  flow 
through  the  sample)  is  changed 

•  The  kinetics  and  energetics  associated  with  the  pyroly¬ 
sis  and  conversion  to  final  products 

•  The  compressive  ignition  characteristics  of  the  com¬ 
pacted  material 

•  The  detonability  of  the  propellant 


300  340  380  420 

t(us) 


Fig.  1 7.  Wave  Front  Velocities  for  a  DDT 
Reaction  {From  Bemecker,  Ref.  14). 

Reference  1  discusses  the  various  test  techniques  used  in 
conjunction  with  DDT  studies,  u  well  as  providing  refer¬ 
ences  to  detailed  analytical  studies. 

Previous  sections  mentioned  that  the  ignition  flux- 
pressure-time  data,  together  with  bum  rate-pressure-initial 
sample  temperamre  data,  are  used  to  determine  kinetic 
parameters  in  a  transient  combustion  code.  This  transient 
combustion  code  is  then  used  in  a  larger  DDT  code  to 
predict  aspects  of:  (a)  gas  pressure  in  the  tube  as  a  func¬ 
tion  of  location  and  time,  (b)  compaction  proFiles  in  dis¬ 
tance  and  time,  (c)  amount  of  solid  pyrolyzed,  and  amount 
of  pyrolysis  products  reacted  to  Fmal  products,  and  data 
for  Aermally  and  mechanically  (piston)  sUmulaied  DDT. 
These  results  have  been  report^  in  Refs.  8  and  12,  and  a 
few  examples  are  shown  here  in  Figs.  18-20. 

Figure  18a  presents  the  predicted  gas  pressure-distance 
proflIes  at  120,  2(X),  280,  360,  and  4^  ^seconds,  show¬ 
ing  a  relatively  slow  build-up  in  pressure,  for  1080  pm 
HMX  burning  in  a  heavy  walled  tube  (essentially  the  same 
conditions  of  the  actual  experiments  shown  in  Fig.  17. 


Fig.  18.  Pressure  (a)  and  Compaction  (b)  Profiles 
at  Beginning  of  DDT  Process. 


Figure  19a  presents  the  gas  pressures  at  the  transition  at 
595,  605,  615,  and  624  pseconds.  When  this  plot  is 
compared  with  18a  two  observations  are  made:  in  18a  the 
pressure  slowly  builds  (the  time  steps  were  80  pa)  to  a 
modest  pressure  (60-70  MPa)  while  in  19a  the  gas  pres¬ 
sure  goes  from  less  than  1  GPa  to  over  12  OPa  in  10 
pseconds  -  a  tremendous  acceleration.  Figure  19b  presents 
the  corresponding  compaction  plots.  At  595  ps,  the  reac¬ 
tions  have  caused  an  ^ost  impermeable  plug  of 
approximately  95%  TMD.  As  the  reactions  continue  that 
plug  is  rapidly  consumed  with  the  TMD  going  to  zero  in 
the  area  of  reaction. 

Figure  20  is  a  plot  of  the  location  of  the  leading  edge  of 
the  compaction  profile  as  a  function  of  time.  Ilie  solid 
curve  is  for  the  calculations  presented  Li  Figs.  18  and  19, 
and  shows  transition  to  detonation  at  approximately 
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12S  mm  and  600  ^seconds.  These  values  can  be 
compared  to  the  experimental  values  of  104  mm  and 
^proximately  430  pseconds  from  first  luminosity 
presented  in  Fig.  17.  [Note;  The  time  differences  are  not 
unexpected.  The  calculations  use  t  =  0  to  be  when  the 
igniter  is  initiated,  while  t  =  0  for  the  experiment  was 
when  first  illumination  out  of  the  igniter  was  observed.] 
The  dashed  curve  is  for  the  case  where  the  prefactors  for 
the  gas  phase  reacL'ons  were  increased  by  3  orders  of 
magnitude  (from  lO*  to  10>>,  for  one  reaction  path,  and 
from  1011  to  101^  in  the  other  gas  phase  reaction  path). 
As  can  be  seen  this  change  to  faster  kinetic  produces 
significant  change.  The  transition  to  detonation  occurs 
too  quickly,  but  more  importantly  it  occurs  in  the  wrong 
place.  Pr^ictions  for  other  cases  has  borne  out  the 
tremendous  importance  of  the  gas  phase  kinetics  if 
experiments  are  to  be  properly  moiled.  As  mentioned 
earlier  these  kinetic  parameters  are  independently 
determined  from  the  bum  rate  as  a  function  of  pressure  and 
initial  sample  temperature  coupled  with  the  ignition  flux- 
time-pressure  data. 


Dist  -  Mm 


Fig.  19.  Pressure  (a)  and  (Compaction  (b)  Profiles 
at  Onset  of  Transition  to  Detonation. 


The  XDT  reactions  are  also  presented  in  R'  Terence  1  and 
will  not  be  presented  here  except  to  say  that  XDT  reac¬ 
tions  are  usually  associated  with  lower  shock  levels  than 


for  SDT,  and  in  practical  instances  involve  propellant 
impact  upon  hard  objects.  The  process  involves  fragmen¬ 
tation  of  the  sample,  rapidly  followed  by  recompression 
of  the  fragmented  material,  initiation  of  combustion  and 
subsequent  build  up  to  detonation  (similar  to  DDT). 


Compaetbn  Profile  as  a  Function  of  Time. 

Another  class  of  reactions  is  the  bum  to  violent  reac¬ 
tions.  Included  in  this  class  is  the  already  discussed  frag¬ 
ment  penetration  reactions  where  the  fragment  ignites  the 
propellant  but  does  not  supply  sufficient  venting  and 
causes  an  explosion.  There  is  another  BVR  reaction; 
however,  that  can  lead  to  detonation.  These  reactions  arc 
particularly  of  concern  to  rocket  motors  having  some 
form  of  a  center  perforation.  As  observed  by  Nougues  and 
co-workers  at  SNFE  (Ref.  15),  a  bullet  when  fired  through 
the  propellant  web  caused  no  detonation,  while  a  similar 
bullet,  at  the  same  velocity,  when  fired  so  that  it  went 
through  the  bore  caused  detonation.  Finnegan  and  co¬ 
workers  investigated  this  phenomena  in  an  idealized  one 
dimension  geometry;  they  fired  fragments  at  a  target  con¬ 
sisting  of  metal  cover  to  simulate  the  motor  case,  slab  of 
propellant,  air  gap,  propellant,  and  metal.  What  they 
found  was  that  the  projectile  penetrated  the  metal  cover 
and  first  slab  of  propellant.  As  the  projectile  penetrated 
the  first  slab  of  propellant  it  damaged  the  propellant  and  a 
debris  cloud  moved  across  the  air  gap.  When  this  debris 
cloud  impacted  the  second  propellant  slab,  it  ignited  and 
depending  on  the  gap  and  the  propellant  material  would 
either  bum  vigorously  or  detonate.  This  test  is  of  interest 
because  so  far  it  mimics  responses  to  ordnance  items  to 
bullet  and  fragment  impact.  Those  items  that  detonate  in 
the  large-scale  test,  also  detonate  in  Fiimegan’s  test, 
while  those  that  violently  bum  in  the  large-scale  tests 
also  do  so  in  Firmegan’s  test. 

These  phenomena  have  been  incorporated  into  the 
bullel/fragment  impact  hazard  usessment  protocol. 

NATO  INSENSITIVE  MUNITIONS  INFORMA¬ 
TION  CENTER  (MIMIC) 

Hazard  protocols  and  data  necessary  in  using  the  protocols 
for  hazard  evaluation,  will  be  available  through  NIMIC. 

In  1979  NATO  formed  AC/310,  “Group  on  the  Safety  and 
Suitability  for  Service  of  Munitions  and  Explosives."  In 
turn,  AC/310  proposed  in  1986  that  a  NIMIC  be  created. 
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In  1988  a  Pilot  NIMIC  was  fonned  and  located  at  the 
Applied  Physics  Laboratory/Johns  Hopkins  University, 
Laurel,  Maryland,  USA.  In  1990  the  niot  NIMIC  became 
NIMIC  and  in  1991  this  function  will  be  transfened  to 
NATO  headquarters,  Brussels.  This  group  receives, 
analyzes,  generates,  stores,  and  disseminates  technical 
information  on: 

•  Technical  requirements  for  insensitive  munitions. 

•  Methods  and  systems  for  assessing  and  improving 
munitions  to  meet  these  requirements.  -  The  hazard 
assessment  protocols,  hazard  response  maps,  and  threat 
evaluation  programs  are  part  of  this  effort,  together 
with  documents  such  as  Reference  1. 

•  Databases  of  sensitivity  tests  using  explosives  and 
munitions. 

•  Insensitive  munition  technology  deficiencies  that  pre¬ 
vent  requirements  from  being  achieved  and  proposals 
for  remedial  actions. 

•  Recommendations  for  possible  solutions  or  design 
approaches  to  meet  insensitive  munitions  development 
requirements.  Again  the  hazard  assessment  protocols 
are  part  of  this  effort. 

•  Techniques  for  facilitating  interaction  among  designers. 
SUMMARY 

Much  of  this  paper  is  already  a  summary  of  work 
presented  in  more  detail  in  Ref.  1,  and  in  the  references 
cited  in  Ref.  1.  The  attempt  here  has  been  to  provide  a 
brief  introduction  and  overview  and  hope  that  the  reader 
will  nim  to  Reference  1  for  more  detail. 
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Characteristics  of  the  products  of  combustion  of  metallized 
**soiid**  **Drooei lant**  strands  at  pressures  between  250  and  750 
psi  were  investigated  using  holography  and  light  scattering 
measurements  In  addition,  scanning  electron  microscope  and  light 
scattering  measurements  were  used  to  examine  quenched  residue  A 
reduced  smoke  ZrC  **oropei  lant**  and  three  **propenants**  of 
varying  aluminum  loading  (2%,  4  8'/..  and  16’/.)  were  examined  The 
objective  of  the  experiments  was  to  provide  to  determine  if  any 
correlation  of  results  from  this  method  of  analysis  could  be  made 
with  resu’ts  from  other  more  complex  •*sol10**  •‘propellant" 
motor  measurements,  such  as  plume  probe  and  signature 
measurements. The  results  of  these  efforts  reflected  the  inability 
of  any  single  technique  of  analysis  to  completely  describe 
particle  size  distributions  These  results  also  suggest  the  need 
for  modification  of  current  experimental  apparatus  and 
procedures  (JES). 
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This  report  summarizes  the  progress  made  in  **soiid** 
“propellant**  flame  chemistry  studies. This  work  involves  LIF 
studies  of  OH.  CN.  NO.  and  C2. Success  was  achieved  in  laboratory 
flame  studies,  but  was  rare  in  •*so11d**  **Dropel lant** 
appl  icat ions. Prei iminary  studies  in  a  hydrazine/methane/nitrogen 
dioxide  diffusion  flame  yielded  emission  spectra  from  OH.  nh,  CN., 
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Rotational iy  resolved  absorption  spectroscopy  in  the  A-X  (0,0) 
vibrational  band  system  of  OH  around  306.4  nm  has  been  performed 
to  determine  the  temperature  and  OH  concentration  in  **solid** 
**propei lant**  flames. OH  is  sufficiently  well  characterized  that 
the  spectra  can  be  least  squares  fitted  under  a  variety  of 
conditions  These  conditions  include  the  peculiarities  of  the 
experimental  setup.  Instrument  response  parameters  and  absorption 
baseline,  as  well  as  the  temperature  and  OH  concentration  The 
multi -parameter  least  squares  fit  of  the  spectra  gives  values  and 
statistical  uncertainties  for  temperature,,  OH  concentration,  and 
other  experimental  design  parameters  This  technique  has  been 
applied  to  a  nltramlne  **propel lant**  flame  burning  In  a  windowed 
combustion  vessel  pressurized  with  1.5  MPa  nitrogen. A 
**oropel lant**  feed  mechanism  coupled  to  the  combustion  vessel 
extended  the  data  tar,1ng  time  such  that  good  quality  OH  absorption 
spectra  could  be  obtained  for  this  transient  event. Here  the  light 
source  was  an  arc  'amp  and  the  detector  a  spectrometer  with  an 
intensified  photodiode  array  Keywords;  Absorption,  **So11d*» 
**propel  lant**.  Combustion,  Temperature,  Pressure,  Flame,,  OH 
Concentration,  HMX1  (JESl. 
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Temperature  profile  measurements  have  been  measured  through  the 
combustion  wave  of  burning  **solid**  **propel lant**  strands  using 
Imbedded  fine-wire  (75'mlcron  diameter)  thermocouples. The 
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The  purpose  of  this  paper  is  to  summarize  the  current  status  of 
stuaies  we  nave  unaertaken  of  moaei  gas  phase  flames  associatea 
with  the  combustion  of  nitramlne  basea  **solia**  rocket 
**propel 1  ants**  These  stuaies  consist  of  measurements  of  the 
structure  of  stable  ana  unstable  species  concentration  profiles 
ana  temperature  In  laminar,  premixea,  flat  flames  of  fuel  Nitrogen 
Oxiae  mixtures  at  ’ow  pressure. The  experv.'ental  measurements  are 
then  comparea  to  calculations  of  the  concentration  profiles  using 
a  one  aimenslonal  flame  coPe  which  moaels  the  transport  processes 
ana  chemistry  of  the  flame  The  transport  processes  Incluae  species 
aiffusion  ana  thermal  conPuctlon  through  the  flame  ana  the 
chemistry  Is  moaelea  by  a  Petal  lea  chemical  kinetic  rear* ion 
mechanism  The  flames  which  have  been  stuPlea  thus  far  are  suppHcP 
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The  paper  proposes  a  method  of  experimental  research  in  which  the 
controlled  pressure  burner  and  two  samples  furnishing  different 
burning  surfaces  are  used. After  ignition,  the  growth  constants  are 
measured  with  the  different  burning  surfaces,  while  the  average 
pressure  Is  maintained  as  a  constant .Obviously  this  method  Is 
distinct  from  the  conventional  growth/decay  method,  which  has  two 
deficiencies;  The  constant,,  of  growth  and  decay  are  measured  under 
variables  pressure,  and  the  required  damping  during  burning  period 
Is  replaced  by  damping  after  burning. This  method  undoubtedly  will 
Increase  accuracy  of  measurement  for  the  acoustic  admittance  of 
••solid**  **prope1 lants** .Russian  translations  (AW) . Improved 
Approach  for  the  Measurement  of  Acoustic  Admittance  of  **So11d** 
••Propel Iants**-Trans1at Ion. 
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Abstracts  are  given  for  research  efforts  on  alrbreathing 
combustion,  rocket  propulsion,  ana  diagnostics  of  reacting 
flows  Keywords-  Shear  layers,  Turbulence,  Instability, 
Electromagnetic  propulsion.  Plasma  propulsion.  Erosion, 
Magnetoplasmadynamic  thrusters.  Fluid  dynamics,  Arcjet  thrust 
chambers,  Electrothermal  propulsion.  Laser  thermal  propulsion. 
Electric  discharget.  Chemical  kinetics,  Nitramlnes,  Nltroform 
compounds,  •‘Solid**  **propel lants** ,  Acoustic  flow  fields, 
“Solid**  rocket  combustion  chambers.  Acoustic  waves  (aw). 
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A  numeric  single-dimensional  model  was  developed  to  achieve  a 
better  understanding  of  the  combustion  mechanisms  of  homogeneous 
“solid**  “propel  lants**.  Appl  led  to  the  study  of  double-base  and 
HMX  “propellants**,  the  model  appears  to  represent  a  good 
tradeoff  between  overly  simplified  models  yielding  many  results 
but  sometimes  of  little  use  in  understanding  the  mechanisms 
Involved,  and  elaborate  numeric  models  which  yield  few  results 
because  of  the  length  and  cost  of  computations  The  model  proposed 
has  been  simplified  as  required  to  reduce  computing  time, It  also 
Involves  a  few  parameter  adjustments. It  will  compute  temperature 
and  species  profiles  for  the  condensed  and  gaseous  phases  of  a 
••propellant**  during  combustion. 
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A  windowed  strand  burner  with  a  •♦propellant**  feed  .tiech/in  1  sm  nas 
been  used  to  characterize  *06  steady-state  burning  of  two 
composites  **propel lants**.  M-30  and  HMXI,  at  moderate 
pressure  Both  emission  and  absorption  spectroscopy  have  yielded 
profile  data  on  three  Important  combustion  species:  OH.  NH,  and 
CN  Relative  appearance  of  these  three  species  are  inferred  from 
emission  intensity  profiles,  and  absolute  concentration  profiles 
are  calculated  from  the  absorption  data  This  Is  the  first  absolute 
determination  of  these  combustion  Intermediates  In  a 
••propel lant**  flame. These  concentration  measurements  for  OH 
indicate  that  the  •♦propellant**  flame  temperatures  are  about  200 
K  below  adiabatic  A  maximum  value  of  40  ppm  NH  Is  found  for  the 
M-30  ••propel lant**  f lame. FI uctuat Ions  In  the  flame  front  of  HMXI 
compromised  the  determination  of  maximum  concentrations  for  NH  and 
CN. Keywords:  Combust  ion ;**Sol Id** 

••propel  1  ant** ;Spectroscopy .Absorpt Ion .Emission .Concent rat  Ion, Pro 
f 1 les ; **So1 Id**  ••propellants**  (JES). 
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A  JANNAF  Propulsion  Systems  Hazards  Subcommittee  Workshop  was  held 
on  25-26  October  1988  In  conjunction  with  the  25th  JANNAF 
Combustion  Meeting  in  Huntsville,  AL.The  area  of  Interest  Is  the 
transition  to  detonatlo"  In  confined  granular  energetic 
material .This  workshop  focused  on  the  acceleration  of  a  strong 
compaction  wave,  before  the  onset  of  detonation. The  objective  was 
to  compare  model  predictions  to  four  Plston-Drlven-Compact ion 
experiments  Involving  two  different  ball  **orooel lants**  These 
were  true  predictions,  since  the  experimental  data  were  not 
released  until  the  second  day  of  the  workshop  Several  of  the 
models  came  close  to  the  compaction  wave  1  ocus. However .,  it  was 
more  difficult  to  predict  wall  stress  time-history  seen  by  two 
transducers  at  fixed  locations  along  the  tube. The  timing  of  a 
runaway  Is  extremely  sensitive  to  the  intense  competition  among 
sources  of  reaction  and  heat  loss. Keywords :  Stress  waves:Elastic 
waves; Granular  explosives ;,**Sol  Id** 

••propel lants** .Impact :Compact ion 

Waves . Mode  ling; Combust  ion ; Def 1 agrat ion .Trans  1 1 ion  to 

detonatlon.(KT). 
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A  technique  using  a  strand  burner  was  developed  to  investigate  the 
compustioh  efficiency  of  metals  in  ‘tsolid**  “propel  lants**  a 
strand  of  **propel lants**  was  burned  under  a  given  pressure  and 
all  reactants  and  products  were  trapped  in  the  closed 
vessel , Condensed  and  gaseous  species  were  analyzed  quantitatively 
using  various  titration  methods  and  gas-chromatography, The  results 
derived  from  the  strand  burner  were  compared  with  the  eta(c)* 
evaluated  from  firing  tests  of  subscale  motors  The  combustion 
efficiency  of  Al  and  B  in  various  ‘"propel lants**  was  measured  A 
combust  10.1  model  for  metal  powders  including  agglomeration, 
ignition  and  steady  burning  of  particles  was  Invest igated, Effects 
of  B/A1  ratios  and  particle  size  of  B  on  the  combustion  efficiency 
of  “propellants**  containing  Al  and  8  were  discussed  based  on  the 
combustion  model 
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Johns  Hopkins  Univ.,,  Laurel,  MD, Chemical  Propulsion  Information 
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Report 
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CPIA-PUB-503 

Availability  National  Technical  Information  Service.  Springfield, 
Va  22161  PC  $42  00  MF  $42  00  No  copies  furnished  by  OTIC,  NP. 

386;.  OP.  May  88 
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This  workshop  was  sponsored  by  the  Joint  Army-Navy-NASA-Air  Force 
(JANNAF),  Combustion  Subcommittee  The  workshop  was  held  2-4  May 
1988  at  The  Johns  Hopkins  University/Applied  Physics  Laboratory. 
Laurel,  Maryland. This  workshop  was  the  first  meeting  of  the' 
Kinetic  and  Related  Aspects  of  **Propel lant**  Combustion 
CfiSfni St ry psrts^.Tftls  '"©port  rsflscts  sf forts  rri^Oc  in  rGcsr.t 

years  by  both  individuals  and  agencies  in  this  research 
area.Keywords ;  Deflagration,  Liquid  •"propellants**.  Combustion 
products.  Gun  ""propel lants** .  Ignition,  Kinetics,  **So11d** 
""propel lants**.  Nitramlnes. (AW) . 
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N-Hexyl  CarDorane  as  Combustion  Catalyst  In  Composite 
♦•Propel lants**. 
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The  feasibility  of  using  n-nexyl  carborane  (NHC)  as  a  combustion 
catalyst  in  composite  ••propellants**  has  been  invest igated. The 
results  indicate  that  nhc  Is  an  efficient  combustion  catalyst  at 
high  concentrations  In  other  respects  It  seems  to  act  mainly  as  a 
plasticizer  Good  bonding  for  NHC-containing  hydroxyl-terminated 
polybutadiene  (HTPB)  •♦propel lants**  to  liners  and  Inhibitors  has 
been  obtained. NHC  migrates  as  easy  as  dioctyl  seabacate  or  n-butyl 
ferrocene  In  the  polymer. Despite  a  high  boiling  point  NHC 
evaporates  noticeably  at  ambient  temperatures. Differently  from 
n-butyl  ferrocene,  NHC  does  not  seem  to  catalyze  the  thermal  aging 
or  the  curing  of  HTPB  Thermal  analyses  show  no  indication  that  NHC 
Should  considerably  enhance  the  sensitivity  of  ignition  ot  the 
••propel lant**. A  great  disadvantage  with  NHC  Is  the  very  high 
price. Before  larger  batches  of  ♦•propellants**  containing  NHC  are 
manufactured,,  more  sensitivity  tests  should  be  carried  out 
81  08;  99  06,  99  03,;  71  08 
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See  also  Volume  2.,  AO-A210  027;  Availability:  National  Technical 
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This  volume,  the  first  of  five  volumes..  Is  a  collection  of  36 
unclassif led/uni imited  papers  which  were  presented  at  the  25th 
Joint  Army-Navy-NASA-AIr  Force  (JANNAF)  Combustion  Meeting. 

October  24-28,  198b.  at  the  NASA  Marshall  Space  Flight  Center, 
Huntsville,  Alabama. Specif  1c  subjects  discussed  include  combustion 
Instability,  ignition,  burn  rate,  flame  structure,  and  particle 
size  measurement  of  ••solid**  rocket  **propel lants**  and 
supersonic  mixing  and  combustion,  combustion  instability  and 
boron-based  fuels  for  airoreathing  systems.Keywords :  ••Solid** 
••propel lant**;Rocket  Engines ;**So1 Id**  rocket 
••propel lants** :Combust Ion  stabl 1 1 ty ;Flames: Igni t 1on:Ramjet 
engines; Rocket  fuels. (AW). 
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The  combustion  behivlor  of  metallized  **$01  Id**  **prope1 1  ants**  at 
pressures  between  100  and  750  psl  was  investigated  using  high 
speed  motion  pictures  together  with  scanning  electron  microscope 
and  light  diffraction  examinations  of  collected  residue  A  reduced 
smoke  2rc  **prope1 lant**  and  two  **oropel lants**  with  low  aluminum 
loadings  were  utilized. 2rC  was  observed  to  agglomerate  and  Ignite 
on  the  **prope1 lant**  surface  before  being  ejected  The  aluminum 
did  not  agglomerate  but  did  Ignite  on  the  •*propel 1  ant •• 
surface  ZrC  was  found  to  burn  in  part  with  a  detached  flame  and 
the  flame  moved  closer  to  the  particle  surface  as  pressure 
Increased  Aluminum  particles  were  observed  to  burn  with  similar 
behavior,  but  with  flames  more  detached  from  the  particle 
surface  Increased  aluminum  loading  resulted  in  smaller  particles 
above  the  **propenant**  surface,  but  the  flames  were  further  from 
particle  surfaces. Keywords  **Solld**  “rocket** 

**orocel lants**. **Sol Id**  **prooel lants** ;High  speed  motion 
pictures .Combust Ion  bomb. Malvern.SEM, Flame  envelope  sizes ;Part icle 
sizes;Two-dimensional  **rocket**  **motor** . (kt ) . 
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Two-dimensional  combustion  dynamics  of  **sol1d**  **propel lants** 
numerically  modeled  by  finite  element  calculations  and  applied  to 
a  one-dimensional  cast  for  comparison  Is  examined. A 
multl-dimensional  numerical  model  was  developed  for  the  unsteady 
state  oscillatory  combustion  of  ‘’solid**  **prope1 lants**  subject 
to  acoustic  pressure  disturbances. Including  the  gas-phase  effects, 
the  assumption  of  uniform  pressure  across  the  flame  zone,  which 
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was  conventionally  used.  Is  relaxed  such  that  a  higher  frequency 
response  in  the  long  flame  of  a  douple-Dase  »*oropei lant**  can  be 
calculated. The  formulation  is  based  on  a  premixed,  laminar  flame 
with  a  one-step  overall  chemical  reaction  and  the  Arrhenius  law  of 
decomposition  with  no  condensed  phase  react  Ion. In  a  given 
geometry,  the  Galerkin  finite  element  solution  shows  the  strong 
resonance  and  damping  effect  at  the  lower  frequencies  Extended 
studies  deal  with  the  higher  frequency  region  where  the  pressure 
varies  In  the  flame  thickness  The  nonlinear  system  behavior  Is 
Investigated  by  carrying  out  the  second  order  expansion  In  wave 
amplitude  when  the  acoustic  pressure  oscillations  are  finite  In 
amplitude  Offset  In  the  burning  rate  shows  a  negative  sign  In  the 
whole  frequency  region  considered,  as  confirmed  by  existing 
experimental  results.FInal 1y,  the  velocity  coupling  In  the 
two-dimensional  model  Is  discussed  In  terms  of  higher  order 
perturbat ions 
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Many  ••solid**  rocket  **propel lants**  and  other  energetic 
materials  consist  of  complex  chemical  compounds  of  carbon, 
hydrogen,  oxygen  and  nitrogen  The  decomposition  of  these  ••solid** 
reactants  leads  to  the  formation  of  gaseous  hydrocarbons  and 
oxides  of  nitrogen  which  can  react  to  support  a  flame  above  the 
surface  of  the  **sol id**. These  flames  can  provide  heat  which  Is 
fed  back  to  the  **propei lant**  surface  and  thereby  influence  the 
burning  rate  of  the  ••solid**  In  the  case  of  nitramlne  based 
••solid**  rocket  **propel lants** .  the  gas  phase  decomposition 
products  Include  significant  amounts  of  Ethyloxide,  Hydrogen 
cyanide.  Nitrogen  dioxide.  Nitric  oxide.  Nitrous  oxide  and 
Oxygen  This  study  is  intended  to  provide  experimental  data  on  the 
structure  of  hydrocarbon  flames  supported  by  oxides  of  nitrogen  In 
order  to  establish  the  reaction  mechanism  for  such  flames . Laminar , 
premixed,  flat  flames  of  Methane/N02/02  and  CH20/N02/02  have  been 
Investigated  and  a  reaction  mechanism  Is  suggested  which  accounts 
for  all  of  the  major  observations  In  the  data. (aw). 
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The  efficient  and  successful  design  of  new  generations  of  highly 
energetic  ♦‘propel lants**  Dased  on  evolving  nitramlne  chemistry 
will  require  a  thorough  knowledge  of  the  chemical  and  physical 
parameters  controlling  their  ignition  and  combustion  The  necessary 
level  of  Insight  can  be  attained  and  successfully  embodied  In  the 
predictive  computer  models  necr’ssary  for  effective  **prooel  lant** 
design,  developr.ient  and  testing  activities  If  a  coordinated, 
hierarchical  program  of  theoretical  modeling  and  confirming  and 
supporting  experiments  is  designed  and  properly  executed  This 
caper  reviews  the  current  state  of  our  understanding  of  the 
chemistry  and  physics  of  nitramlne  •♦propellant**  ignition  and 
combustion  and  develops  and  motivates  the  basic  research  program 
necessary  to  put  advanced  nitramlne  “propellant**  development  on 
a  firm  and  effective  scientific  basis  Confronting  and  solving 
problems  involving  complex  physicochemical  phehomena  which 
intertwine  complex  heat,  mass  and  radiative  transfer  processes 
with  chemical  kinetics  Is  a  challenge  which  physical  ahd 
engineering  scientists  are  becoming  much  more  adept  at 
meeting  Modern  theoretical  ahd  experimental  tools  are  now 
available  which  allow  the  design  and  utilization  of  much  more 
comprehensive  analytical  models  as  well  as  their  concomitaht 
supporting  and  confirming  experimental  measurements  Gun 
“propellants**..  Rocket  “propellants**.  LOVA  **oropei  lants** , 
“Solid**  “propel 'ants**.  ROX.  HMX.(aw). 
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This  report  documents  a  continuation  of  previous  work  with  the 
pressure-coupled  magnetic  flowmeter  burner  to  extend  Its 

measurements  capacity  to  Include  a  wider  frequency  spectrum  and  I 

variety  of  “propel  lants**. The  results  obtained  in  this  | 

experimental  program  extend  the  operable  frequency  range  of  a  i 

magnetic  flowmeter  burner  to  a  lower  limit  of  200  Hz.  well  Into  j 

the  range  where  Intermediate  frequency  instabilities  occur. Six  » 
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formulations  of  ap-hTPB  composite  •♦propellant**  (Including  one 
moderately  aluminized  composition)  were  successfully  tested,  and 
tneir  pressure-coupled  response  functions  measured  over  the 
burner's  operating  frequency  range. This  research  also  attempted  to 
directly  measure  a  high-frequency  **sol1d**  **propel lent** 
velocity-coupled  admittance  The  velocity-coupled  admittance  was 
defined  in  this  research  as  the  complex  ratio  of  the  oscillatory 
mass-flow  velocity  generated  from  the  surface  of  a  burning 
••propellant**  to  the  oscillatory  cross-flow  velocity  above  the 
surface. These  oscillatory  velocities  were  measured  simultaneously 
inside  a  rectangular  slab-burning  combustion  chamber  with  a 
magnetic  flowmeter. The  high-frequency  cross  flows  were  created  by 
spinning  a  spur  gear  over  the  sonic  nozzle  exhaust  of  the 
combustion  chamber,  thus  exciting  acoustic  modes  Inside  the 
chamber. The  admittance  results  show  similar  trends  under  the  same 
burning  conditions,  and  approximate  values  could  be 
estimated. Keywords  ••Solid**  rocket  **propel lants** .  Combustion 
stability.  Acoustic  admittance 
81  08;.  94  11 
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An  investigation  Into  the  behavior  of  aluminized  **sol Id** 
••propellant**  combustion  in  a  two-dimensional  windowed  **rocket** 
••motor**  was  conducted  using  holographic  techniques. Holograms 
were  recorded  in  the  ••motor**  port,  aft  of  the  ••propellant** 
grain  and  at  the  entrance  to  the  exhaust  nozzle  for  two  different 
••propel lant**  compositions  at  varying  operating 
pressures  Quantitative  particle  size  data  for  particles  larger 
than  20  microns  were  obtained  from  the  holograms. From  these  data., 
the  mean  diameters  (D32)  of  the  larger  oarticles  were  calculated 
and  utilized  to  compare  what  effects  pressure,  location  in  the 
••motor**  and  aluminum  content  had  on  the  behavior  of  the 
alumlnum/alurolnum  oxide  part1cles.D32  was  found  to  decrease  with 
Increasing  pressure,  but  was  unaffected  by  variations  In  low 
values  of  **oropel lant**  aluminum  loading. 032  at  the  grain  exit 
was  found  to  be  significantly  less  than  within  the  grain 
port  Keywords;  **So11d**  **propel lant**  **rocket**  engines., 
••Solid**  **rocket**  ••propellants**.  Theses. (aw) 
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This  report  summarizes  a  research  program  to  study  the  acoustic 
Interaction  of  particle  additives  used  In  **sol1d** 

“propel 1ants»*  Various  examples  of  combustion  Instability  found 
In  the  literature  are  discussed  that  give  evidence  to  the 
existence  and  nature  of  distributed  combustion  A  modified  Rijke 
burner  was  constructed  as  the  basic  experimental  tool  and  was 
characterized  extensively . Stabi 1 Ity  boundaries  were  determined, 
and  growth  rates  were  observed  to  Increase  with  Increasing  oxygen 
content  and  overall  mass  flow  rate  The  data  Indicate  that  the 
overall  acoustic  driving  forces  In  a  Rijke  burner  are  dependent 
upon  the  acoustic  mode  shape  relative  to  the  fame  location  and 
the  distribution  of  energy  through  the  burner,.  (1  e  the  gas  flow 
rates  and  heat  losses). a  mathematical  model  for  the  Rijke  burner 
lias  been  developed  which  accounts  for  the  effects  of  heat  loss, 
variable  gas  temperature  and  particle  Interactions  on  acoustic 
oscillations  The  model  has  been  verified  by  comparing  predicted 
frequency  and  growth  rates  for  several  simple  test  cases  with  the 
corresponding  analytical  solutions. The  model  was  also  compared 
directly  with  the  experimental  data. Unstable  combustion. 

Distributed  combustion.  Acoustic  instability  (MJM) 
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High-speed  movies  of  “solid**  **propei lant**  deflagration  have 
long  provided  useful  qualitative  information  on  •*propel lant** 
behavior  .Consequent  I y,,  an  extension  of  performance  to  Include 
quantitative  behavior  of  the  surface,  particularly  the  special 
relationship  of  particles  across  the  surface,,  the  temporal 
behavior  of  particle  through  extended  periods  of  time,  and 
accurate  measurements  of  particle  sizes,,  is  highly  desirable. Such 
measurements  require  the  ability  to  take  detailed  movies  across  an 
extensive  surface  through  the  **propel lant**  flame  for  longer 
periods  than  the  residence  time  of  a  given  particle. The  modulation 
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transfer  function  (MTF)  of  tne  camera  optics  and  film  will  greatly 
affect  performance. The  MTF  of  the  optics  can  Oe  Improved  by  a 
factor  of  two  or  more  at  practical  spatial  frequencies  by  the  use 
of  monochromatic  light,  such  as  the  reflected  light  from  a 
laser  The  use  of  an  Intense,  short-pulsed  laser  has  the  additional 
advantage  of  suppressing  flame  brightness  and  motion  blur. High 
resolution  at  unity  magnification  Is  achieved  by  the  use  of  2  mj 
of  Illumination  energy  per  pulse  In  conjunction  with  a  fine-grain 
film. The  surfaces  of  the  wide-dlstrlbut Ion  “propel lants**  were 
found  to  be  mo I  ten. Keywords :  •♦Solid**  **prope1 lant**  rocket 
engines,  **So1to**  rocket  **propel lants** ,  Combustion  chambers, 
••Propellant**  grains.  Combustion,  Cinephotography  (aw). 

31  08.  81  01 :  82  02 

Combust1on*;0ef1agrat1on*.H1gh  speed  photography* :Sol Id  rocket 
propel lants* .Accuracy: Bright ness : Cameras ; Combust  Ion  chambers . 
Energy;Ft1ms:F1ne  gralhed  mater 'a1 s :F lames, Frequency .High 
resol  ut  Ion,  II  lurni  nation.  Lasers,  Light  ,Magn1  float  Ion  .Measurement  ;■ 
Modulat1on;Monochromat1c  light .Motion  pictures .Opt Ics ;Part Icle 
si2e;Part1ctes, Propellant  grains ;Ref lect ion;Short  i ses ,So1  Id 

propellant  rocket  engInes.Spat  lal  dlstnbut  Ion, Time  intervals,. 
Transfer  funct1ons;Laser  appl Icat Ions iSurfaces 
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Spectral  Studies  of  “Propet lant**  Combustion.  Experimental 
Details  and  Emission  Results  for  M-30  **Propei lant** 
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Army  Ballistic  Research  Lab  .  Aberdeen  Proving  Ground.  MD 
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Report 

ENG 
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BRL-TR-3714 

Final  rept.  Jun  87-Jun  88:-  NP  29.-  DP  Dec  88 
U8908 

NTIS  Prices;  PC  A03/MF  A01 

A  windowed  strand  burner  has  been  constructed  and  used  to 
characterize  the  steady  state  burning  of  ♦•propellants**  at 
moderate  pressure  using  uv  -  visible  spectroscopic 
techniques. Emission  spectroscopy  has  been  performed  on  a  triple 
base  ••propellant**  (M-30)  and  three  reactive  transient  combustion 
species  (CN.,  NH  and  OH)  have  been  profiled  over  a  pressure  range 
from  0.66  to  1.5  MPa. React  Ion  zone  lengths  on  the  order  of  1  mm 
were  determined  from  the  CN  and  NH  prof  lies. The  strand  burner  Is 
expected  to  be  useful  for  future  planned  absorption  and  laser 
Induced  fluorescence  studies  on  a  variety  of 
••propel lants**  Keywords;  Emission, Spectroscooy:**Soi Id** 

••propel lant** :Com0ust Ion; Steady  state  burnlng.Hydroxides ; Nitrogen 
compounds {Cyanides  (mgm) 
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compounds* {Absorpt Ion; Burners .Emission {Emission  spectroscopy {Laser 
Induced  fluorescence {Length {Pressure {Propel lants {Sol  Id  propel lants . 
Spectra{Spectroscopy{Steady  state{StrandS{Vtslble  spectra 
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Modeling  of  Combustion  Processes  of  Stick  ••Propellants**  Via 
Combined  Eulerlan-Lagranglan  Approach. 
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Processes  In  Multiphase  Flows  with  Application  to  Propulsion 
Systems  p  181-193;  NP  13;.  DP.  Jul  88. 

S2702 

NTIS  Prices  (Order  as  N89- 11153/8,  PC  A09/MF  A01) 

DAAG29-83-K-0081 

This  research  is  motivated  by  the  improved  Pallistic  performance 
of  large-caliber  guns  using  stick  “propellant**  charges  A 
comprehensive  theoretical  model  for  predicting  the  flame 
spreading,  combustion,  and  grain  deformation  phenomena  of  long, 
unslotted  stick  **prop3l lants**  is  presented. The  formulation  is 
based  upon  a  combined  Eulerian-Lagrangian  approach  to  simulate 
special  characteristics  of  the  two  phase  combustion  process  in  a 
cartridge  loaded  with  a  oundie  of  sticks  The  model  considers  five 
separate  regions  consisting  of  the  internal  perforation,  the 
**solid**  phase,  the  external  interstitial  gas  phase,  and  two 
lumped  parameter  regions  at  either  end  of  the  stick  bundle. For  the 
external  gas  phase  region,  a  set  of  transient  one-dimensional 
fluid-dynamic  equations  using  the  Eulerian  approach  is 
obtained, governing  equations  for  the  stick  **propel lants**  are 
formulated  using  the  Lagrangian  approach. The  motion  of  a 
representative  stick  is  derived  by  considering  the  forces  acting 
on  the  entire  **propel lant**  stick. The  Instantaneous  temperature 
ana  stress  fields  in  the  stick  **propel lant**  are  model  70  by 
considering  the  transient  axisymmetric  heat  conduction  equation 
and  dynamic  structural  analysis 
81  01,  79  01 

Combustion  phys1cs*;Eu1er  lagrange  equat ion* ,F1 ames* ,Gun 
propel  I  ants* , Interior  bal 1 1st ics* , Propel lant  combustion*. 
Propellant  grains* ;So1 id  propel lants* :Coordinates iDeformat ion ; 
Fluid  dynamics, Heat  transfer ;Mathemat leal  models, Simulation, 
Spreaaing;Stresses:Temoerature  gradients , Vapor  phases 
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Report 
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F04611-84-K-0019 

2308 
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AFAL-TR-88-008 

The  objective  of  this  research  is  to  describe  the  effects  of 
oxidizer  particle  size  distribution  on  the  burning  rate  of 
••solid**  •*oropel lants**  used  in  <*rocket**  **motors**  Current 
models  over  predict  the  burning  rate  of  wide  distribution  (wide 
distribution  denotes  two  oxidizer  modes  that  have  extreme 
differences  in  mean  diameter)  formulations  by  40  to  200  percent 
indicating  combustion  mechanisms  unique  to  this  type  of 
•*prooel lant**  four  sets  of  AP/HTPB  **prope1 lants**  were 
formulated  to  control  the  physical  and  chemical  heterogeni t ies 
characteristic  of  the  ••propellant**  surface  using  400  and  20 
microns  oxidizer  particles  The  **oropel lants**  were  tested  at 
pressure  levels  from  0  to  2000  psig  An  optical,  distance 
measurement  technique  was  developed  and  used  to  measure  the  local, 
non-steady  surface  deflagration  of  the  **prope1 lant**  burning 
surface. The  method  uses  a  laser  beam,  synchronous  detection,  and 
closed-loop  tracking  to  locate  the  surface  in  the  hostile 
combustion  environment .An  acoustic  emission  technique  determined 
average  burning  rates. Combust  ion  phenomena  were  also  accessed 
using  high-speed  photography  and  scanning  electron 
microscopy  Keywords;  Particle  size  distribution.  Burning  rate. 
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»*SoUd**  »*propel  lants**.,  ••Rocket**  ••motors**,,  Combustion 
mechanisms,  AP/HTPB  ••propellants**..  Laser  diagnostics.  Acoustic 
emissions.  Scanning  electron. (MJM) 

81  08.-  81  01 
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••Solid**  **Propel lant**  Flame  Spectroscopy. 
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Report 
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2308 
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This  report  summarizes  the  progress  made  In  **so11d** 

••propel lant**  flame  chemistry  studies . These  chemistry  studies 
Involved  the  spectroscopic  determlnat loh  of  species  concentration 
and  temperature  profiles  in  **solld**  **prope1 lant**  flames  at 
pressures  from  atmospheric  to  7  MPa  (1000  DSl).The  **prooel lants** 
Involved  contained  ap  and  hmx,  as  well  as  several  other 
formulations. The  molecules  studied  were  OH,  CH,,  NH.  and  NO, 
primarily.,  although  other  atomic  and  molecular  species  were  seen 
In  the  **proDel lant**  flames  in  emission  The  primary  diagnostic 
employed  was  laser -induced  fluorescence  (LIF),  although  the 
chemiluminescence  (emission)  from  the  **oroDel lant**  flames  was 
also  studied. These  experiments  are  continuing. 

79  01 ;  99  06.  81  01 
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Combustion  of  Energetic  Materials.  Semi  Annual  Progress  Report. 
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Our  program  emphasizes  fundamental  research  and  is  directed 
towards  understanding  the  combustion,,  chemistry  and  physics  of 
energetic  solids  and  I iquids. Experimental  effort  consists  of  the 
following:  (1)  ••solid**  **prope1 lant**  thermal  decomposition  and 
deflagration  studies  and  (2)  liquid  monopropellant  ignition  and 
combustion  studies. A  gas-flame  experiment  designed  to  model  the 
two-stage  flame  characteristics  of  **solld**  ••propellant** 


CODE  CLASSIFICATION 
DESCRIPTEUR(S) 


IDENTIFICATEUR(S) 

40/72  -  (C)  C  NTIS 
NUMERO  SIGNALEMENT 
TITRE  ANGLAIS 


AUTEUR(S) 

AUTEUR  COLLECTIF 
CLASSIFICATION  INT 
TYPE  OE  DOCUMENT 
CODE  LANGUE 
CODE  PAYS  O'ORIGINE 
NUMERO  DE  RAPPORT 
SOURCE 

CODE  JOURNAL  NTIS 
CODF  TARIF  NTIS 
NUMERO  PROJET 
NUMERO  ACTIVITE 
RESUME 


CODE  CLASSIFICATION 
OESCRIPTEUR(S) 


IDENTIFICATEUR(S) 

42/72  -  (C)  C  NTIS 
NUMERO  SIGNALEMENT 
TITRE  ANGLAIS 

AUTEUR(S) 

AUTEUR  COLLECTIF 
CLASSIFICATION  INT 


B-19 


deflagration  has  been  established  and  both  cohvehtional  ahd  laser 
diagnostics  nave  been  incorporated  into  it. Thermal  decomposition 
(using  laser  heating)  of  ‘’solid**  **propel lants**  Is  being 
studied  using  a  modulated  molecular  beam  mass  spectrometer  that 
will  be  complemented  by  laser- Induced  fluorescence 
diagnostics  Gas-phase  flame  models  used  previously  for  hydrocarbon 
flame  analysis  are  being  extended  to  study  gas-phase  reactions  In 
nltramlne  ** propel lants** .Quantum  chemistry  calculations  are  being 
performed  to  Investigate  the  molecular  decomposition  mechanisms  of 
energetic  materials. **Sol id**  **propel lant**  deflagration  Is  being 
modeled  analytically  and  through  the  use  of  two-dimensional 
thermochemical  codes  developed  earlier  for  related  research 
programs . Droplet  combustion  models  developed  for  hydrocarbon  fuels 
are  being  extended  for  liquid  monopropellant  appl icat lons.43 
refs  40  figs  ,  2  tabs. (ERA  citation  13  041129). 
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Chemical  Explosives*. Combustion*, Nltro  Compounds* ; Propel  1  ants* , 
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••Propel  lant**'- 
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A  workshop  on  the  subject  Influence  of  Gas-Phase  Chemical  Kinetics 
on  the  Low-Pressure  Ignition  and  Flamespreadlng  In  ••Solid** 
**Prope1 lants**  was  held  at  Hampton,  VA,  on  23  and  24  October  1986 
In  conjunction  with  the  23rd  JANNAF  Combustion  Meeting  The 
objectives  of  the  workshop  were  to  a)  force  a  synergisitc 
Interaction  between  those  whose  measurements  have  provided 
evidence  for  the  participation  of  chemical  kinetics  In 
low-pressure  **solld**  **Dropel lant**  burning  and  those  who  are 
striving  to  simulate  these  events  with  Interior  ballistic  models 
and  b)  address  problems  of  anomalous  Ignition  behavior  in  gun 
propelling  charges. The  workshop  participants  a)  reviewed  the 
evidence  for  the  participation  of  chemical  kinetics  in  the 
low-pressure  burning  of  **soi Id**  **propel lants**,  b)  reviewed 
model  simulations  which  Include  finite-rate  kinetics,  and  c) 
determined  vhich  model  simulations  and  further  experimental 
characterizations  would  be  most  fruitful .This  report  documents  the 
workshop. (AW). 
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phases 
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The  Imoortance  of  crack  propagation  In  •♦solid**  **rocket** 
••motors**  Is  widely  recognized. However,  the  processes  of  crack 
propagation  and  branching  in  burning  **solid**  **propei lants**  are 
not  as  yet  welt  understood. These  processes  could  be  instrumental 
In  creating  large  specific  surface  areas  for  burning  causing 
••rocket**  **motor**  failure. Key  factors  Influencing  the  crack 
combustion,  propagation  and  branching  process  considered  In  the 
dimensional  analysts  Include  chamber  pressurization  rate.  Initial 
crack  length.  Initial  temperature,  sample  geometry,,  and  mechanical 
and  thermal  properties  of  the  **sol1d**  **propel lant**  (jes). 

81  08 
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High  progressivity/denslty  ,(HPD)  **propel  lants**  are  under 
consideration  at  the  Ballistic  Research  Laboratory  (BRL)  for  a 
variety  of  enhanced  ballistic  applications  The  hpd  concept 
Involves  the  tailoring  of  the  mass  generation  rate  to  match  the 
Increasing  chamber  volume  as  the  prolectlle  moves  down  the  gun 
tube  This  can  be  accomplished  physically  by  designing  a  grain 
which  Hill  Increase  In  surface  area  at  a  designated  point  In  the 
ballistic  cycle.lt  can  also  be  done  chemically  by  formulating 
grains  with  compositions  that  vary  throughout  the  grain. As  these 
layers  burn  through,  the  burn  rate  can  be  tailored  to  change  at 
specific  points  in  the  ballistic  cycle 
79  05;;  79  01;-  81  08;  81  01 
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A1 

AFOSR-TR-88-0044 

The  decomposition  of  many  **so110**  reactants  during  combustion 
leads  to  the  formation  of  gaseous  hydrocarbons  and  oxides  of 
nitrogen  which  can  react  to  support  a  flame  above  the  surface  of 
the  •*soi Id**  These  flames  can  provide  heat  which  Is  fed  back  to 
the  **propel lant**  surface  and  thereby  Influence  the  burning  rate 
of  the  **solld**  In  the  case  of  nitramlne  based  **sol1d**  rocket 
**oropenants** .  the  gas  phase  decomposition  products  include 
significant  amounts  of  Formaldehyde. Nitrogen  dioxide,,  Hydrogen 
Cyanide,  Nitric  oxide.  Nitrous  oxide,  oxygen, This  study  Is 
Intended  to  provide  experimental  data  on  the  structure  of 
hydrocarbon  flames  supported  by  oxides  of  nitrogen  In  order  to 
establish  the  reaction  mechanism  for  such  flames  Laminar, 
premixed,  flat  flames  of  methane/N02/02  and  CH20/N02/02  have  been 
Investigated  and  a  reaction  mechanism  Is  suggested  which  accounts 
for  all  of  the  major  observations  in  the  data. 

79  01;  81  01 

Combust  Ion*,  Nit  rami  nes*.  Propel  lants* ;  Sol  id  rocket  propel  lants*  ,■ 
Combustion  products* :Oecomposit ion ,Exper imental  data, Flames;. 

Forma  I  dehyde  ,,Hydrocarbons ;  Hydrogen  cyan  1  de ,  Lami  nar  f  1  ow ;  N 1 1  rogen 
oxides; Oxygen; React  ion  kinet ics ; Vapor  phases;Laser  induced 
fluorescence 
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Advanced  6  and  Al  lota  Combustion  Kinetics  over  Wide  Temperature 
Ranges . 
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024503000:.  302100 
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Current  ability  to  Improve  the  combustion  efficiency  of  B  and  Al 
‘•solid**  **orooel lants**  and  slurries  Is  hampered  by  a  lack  of 
understanding  and  knowledge  of  the  kinetics  of  the  Individual 
reactions  Involved  and  the  ways  and  manner  by  which  temperature 
affects  the  rate  coefficients  and  product  channels  While  the 
simple  Arrhenius-type  equation  k(T)  «  AT(to  the  1/2  power) 
exp(-E(A)/RT)  has  over  limited  temperature  ranges  been  of  great 
value,  when  applied  to  wide  temperature  ranges  it  is  often  not 
obeyed  Particularly  for  exothermic  and  slightly  endothermic 
reactions,  order  of  magnitude  errors  can  be  made  by  extrapolations 
based  on  the  Arrhenius  equation. It  Is  the  goal  of  this  program  to 
provide  an  Insight  In  the  kinetic  behavior  of  B  and  Al  radical 
oxidation  reactions  as  Influenced  by  temperature. To  this  end 
measurements  are  made  In  high-temperature  fast-flow  reactors 
(HTFFR) .These  unique  too's  provide  measurements  on  Isolated 
elementary  reactions  In  a  heat  bath. 
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JANNAF  (Joint  Army-Navy-NASA-AIr  Force)  Combustion  Meeting  (24th) 
Held  in  Monterey.  California.  5-9  October  1987  Volume  1 
BECKER  D.  L. 

Johns  Hopkins  Univ..  Laurel.,  MD, Chemical  Propulsion  Information 
Agency 

054839001;  081100 

Report 

ENG 

US 

CPIA-PUB-476-V0L-1 

Meeting  proceedings;  See  also  volume  2.  AD-A190  164;  Availability 
National  Technical  Information  Service.  Springfield.  Va.  22161  PC 
$70  MF  $70  (No  copies  furnished  by  DTIC.);.  NP.  441;  DP.  Oct  87 
U8814 

NTIS  Prices  PC$70  00/MF$70.00 
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This  volume,  the  first  of  four  volumes.  Is  a  collection  of  35 
unclassif led/uni Imlted  papers  which  were  presented  at  the  25th 
Joint  Army-Navy-NASA-AIr  Force  (JANNAF)  Combustion  Meeting, 

October  5-9.  1987.  the  Naval  Postgraduate  School,  Monterey, 

Cal ifornla. Specif  1c  subjects  discussed  include  combustion 
Instability,,  Ignition,  burn  rate,  flame  structure,  and  particle 
size  measurement  of  ♦•solid**  rocket  **prope1 lants**  and  the 
Ignition,  chemistry  and  thermal  degradation  of  nitramlne 
•♦propel  lants**  .Subject .,  author  and  source  Indexes  for  all  four 
volumes  are  Included,  as  is  the  list  of  meeting  attendees. 
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Measurement ;Nltraroines;Partlcle  size. Sol  id  rocket  propellants, 
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87 
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The  report  1s  an  assessment  of  Soviet  basic  and  applied  combustion 
research,,  prepared  by  a  panel  of  seven  US  combustion  scientists 
and  engineers  who  evaluated  a  large  body  of  published  Soviet 
scientific  1 Iterature. The  panel  examined  a  broad  selection  of 
topics  In  Soviet  combustion  research,  spanning  the  range  from  very 
applied  to  very  fundamental  Soviet  research  related  to  combustion 
of  energetic  materials  (e.g  .  **oroDel lants**  and  explosives)  was 
Intentionally  omitted  from  the  assessment . Chapter  headings  Include 
the  following.  Assessraents,,**Sol  Id**  fuels  qombust  lon;Heat-engine 
combust  Ion, Practical  combustion  of  gaseous  and  liquid 
fuel s--Combust Ion  and  explosion  safety ;Theory  of  laminar  and 
turbulent  reacting  flows. Combust  Ion  chem1stry;Advanced  combustion 
diagnostics  and  Instrumentation. 
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Shuttle  Rocket  Booster  Computational  Fluid  Dynamics. 
CHUNG  T.  J.;,  PARK  0.  Y. 


B-23 


AUTEUR  COLLECTIF 
ORGAN  FINANCEMENT 
CLASSIFICATION  INT 
TYPE  DE  DOCUMENT 
CODE  LANGUE 
CODE  PAYS  D'ORIGINE 
NUMERO  DE  RAPPORT 
SOURCE 

CODE  JOURNAL  NT  IS 
CODE  TARIF  NTIS 
NUMERO  DE  CONTRAT 
NUMERO(S)  AGENCE 
RESUME 


CODE  CLASSIFICATION 
OESCRIPTEUR(S), 


IDENTIFICATEUR(S) 


Alabama  Unlv  In  Huntsville. 

National  Aeronautics  and  Space  Administration,  Washington,  DC 

053562000;  AMS84056 

Report 

ENG 

US 

NAS  1.26.182518 
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Additional  results  and  a  revised  and  Improved  computer  program 
listing  from  the  shuttle  rocket  booster  computational  fluid 
dynamics  formulations  are  presented. Numerical  calculations  for  the 
flame  zone  of  **so11d**  ••propel lants**  are  carried  out  using  the 
Galerkin  finite  elements,  with  perturoat Ions  expanded  to  the 
zeroth,  first.,  and  second  orders  The  results  indicate  that 
amplification  of  oscillatory  motions  does  Indeed  prevail  1r>  high 
frequency  regions. For  the  second  order  system,  the  trend  is 
similar  to  the  first  order  system  for  low  frequencies,,  but 
instabilities  may  appear  at  frequencies  lower  than  those  of  the 
first  order  system. The  most  significant  effect  of  the  second  order 
system  Is  that  the  admittance  Is  extremely  oscillatory  between 
moderately  high  frequency  ranges. 
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Laser  Ignition  of  Nitramlne  Composite  ••Propel lants**  and  Crack 
Propagation  and  Branching  In  Burning  **Sol1d**  ••Propel lants**  ' 
KUO  K.  K.,  KIM  J.  U  .  NIMIS  J  ,  SMEDLEY  J...  CHAR  J,  M 
Pennsylvania  State  unlv..  University  Park  Dept. of  Mechanical 
Engineering. 

009222071;.  401929 

Report 

ENG 
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NTIS  Prices  PC  A09/MF  A01 
N00014-79-C-0762 

Two  major  tasks  performed  during  the  report  period  of 
Investigation  were-  (I)  laser  ignition  of  nttramlne-oased 
composite  ••propel lants**  using  a  high-powered  C02  laser  In  (11) 
crack  propagation  and  branching  In  burning  ••solid** 

••propel lants** . The  laser  ignition  of  a  series  of  RDX-based 
composite  ••propel lants**  was  studied  theoretically  and 
exper Imental 1y . A  comprehensive  model  for  the  radiative  Ignition  of 
the  nitramlne  composite  **propel lants**  was  formulated. The 
theoretical  model  was  solved  numerical ly. A  radiative  ignition  test 
setup  employing  a  high-powered  C02  laser  was  designed  and 
constructed  to  study  ignition  characteristics  of  a  series  of 
RDX-based  nitramlne  composite  **propel lants**  Interactions  between 
the  infrared  laser  beam  and  nitramlne  composite  **orope1 lants** 
revealed  a  number  of  Interesting  processes. The  laser  ignition  of 
composite  **oroDe1 lants**  Involves  many  complex 
thermophyslochemical  processes  including  gasificat ion,  initiation 
of  a  luminous  flame,  propagation  of  the  flame,  and  chemical 
reactions  near  the  sample  surface  as  well  as  heat  conduction  in 
••solid**  phases  In  general,  the  delay  time  based  upon  the  onset 
of  light  emission  decreases  monotonical ly  with  the  increase  of 
Incident  laser  energy  flux 
79  01 
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Combustion  Theory  and  Related  Questions, 

BUCKMASTER  J.  D. 

Cornell  Univ.,  Ithaca,  NY. 

Army  Research  Office.,  Research  Triangle  Park,  NC. 

000607000 098550 

Report 

ENG 

US 

Final  rept.  i  Dec  84-31  Aug  87;  NP  9,  DP  Oct  87. 

U8812 

NTIS  Prices:  PC  A02/MF  AO! 

0AAG29-85-K-OO22 
AR0-21306. i4-MA 

Modern  asymptotic  methods  have  been  applied  to  a  wide  range  of 
problems  In  combustion  science  and  mechanIcs.Detal is  are  contained 
In  the  22  Technical  Reports  and  5  Ph  D. thesis  listed  A  list  of 
participating  scientists  Is  also  given. 
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The  Combustion  Mechanism  project  covered  a  6.5  year  time 
period. Its  general  goal  was  to  use  the  recently  developed 
laser-based  combustion  diagnostic  probes  to  learn  more  about  the 
chemistry  and  physics  occuring  In  high  pressure  **sol1d** 
‘•propellant**  flames  References  to  published  results  are  Included 
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Present  methods  of  correlating  »*so11d**  ♦♦propellant**  burn  rate 
to  oxidizer  particle  parameters  solely  depend  upon  the  weight 
median  diameters  of  the  particle  dist r Ibut lon.wi th  the  broad  and 
variable  distribution  of  the  oxidizer  particle,  vastly  different 
particle  surface  areas  may  results  In  variations  In  **propenant** 
burn  rates. This  study  compares  the  burn  rate  of  **sol1d** 

♦♦propel lant**  to  weight  mediah  diameters,  calculated  surface 
areas  from  size  measurements,  measured  surface  areas,  and  a  new 
surface  area  distribution  dependent  solvolysis  met  hod. Comparison 
of  the  characterization  techniques  Is  performed  to  determine  the 
role  of  surface  area  In  the  burning  process,  and  the  best 
paraiTieter  for  ♦♦propel  lant**  burn  rate  correlations. 
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This  experimental  Investigation  Included  the  design  and 
construction  of  a  new.  two-dimensional,  **rocket**  **motor**  that 
could  be  used  to  obtain  better  holographic  data  than  obtained  in 
previous  Investigations  using  a  small  three-dimensional 
♦*motor**.The  **solld**  **oropel lant**  used  during  this 
Investigation  was  AP,  HTPB,  with  2*/.,  40  micron  aluminum  particles 
and  0.25%  Iron  oxide. Good  quality  holograms  were  obtained  using 
the  three  dimensional  **motor**  at  operating  pressures  of  93  and 
94  psia. Successful  holographic  recordings  were  also  acquired  using 
the  new.  two  dimensional  ♦♦motor**  at  pressures  of  45  and  183 
psia. System  limitations  and  suggested  improvements  to  the 
apparatus  are  discussed 
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Turbularlzatlon  of  an  acoustic  boundary  layer  (Stokes  Layer)  on 
Impermeable  and  permeable  surfaces  is  analytically  considered  The 
theoretical  approach  uses  a  secohd-order  closure  model  of 
turbulence  Both  an  approximate,  closed-form  solution  and  a  more 
comprehensive  finite  difference  solution  of  the  time  dependent, 
parabolic,  one-dimensional  governing  equations  are  obtained. For 
simple  acoustic  boundary- layers  on  Impermeable  surfaces,  both  the 
approximate  solution  and  the  numerical  results  for  the  critical 
acoustic  Mach  number  required  for  turbulent  transition  are 
qualitatively  confirmed  by  experiment .Calculat Ions  for  acoustic 
boundary- layers  with  transpiration  (injection)  Indicate  a 
substantial  reduction  of  the  acoustic  Mach  number  required  for 
transition,,  up  to  a  limiting  Injection  velocity  that  is  frequency 
dependent .The  results  may  provide  a  mechanism  for  flow-related 
combustion  Instability  in  practical  systems,,  particularly 
'•solid**  propellent  rockets,  since  turbular Izat Ion  of  the 
near-surface  combustion  zone  could  result  at  relatively  low 
acoustic  Mach  numbers. This  report  documents  c  completed  phase  of 
work  which  Is  concerned  with  the  analysis  of  turbulent  flow  and 
neat  transfer  behavior  in  rocket  chamber  flows 
(C-syst  ;ms)  .Keywords:  Acoust  1c  Instabi  1 1  ty .Aeroacoust  Ics ,,**So1  Id** 
propellent  rocket  englnes;Transplrat Ion, Turbulent  boundary 
layer lAcoustlc  boundary  layer ;Combust Ion  Instabi 1 Ity, Laminar 
boundary  layer. 

81  01;  46  02 

Combust  ion  stabi  1 1ty*, Turbulent  boundary  layer* ;Acoust  Ics ;■ 
Aerodynamics, Boundary  layer;Time  dependence. Combustion  chambers,. 
Chambers , Combustion . Equations ; F 1 n 1 1 e  d 1 f f erence  t neory ; F 1 ow , Heat 
transfer ; Inject  ion, Laminar  boundary  layer ; Layers ;Llmi tat  ions ; Mach 
number .Methodology .Numerical  analysis .Permeabi 1 ity .Rockets ;Sol  id 
propellant  rocket  engines;So1utlons  General  .Stabi  1  ity, Surfaces ,. 
Theory  .Transit  Ions .Transpi rat  ion  .Turbulence, Turbulent  f low . Velod  ty 
Rocket  chamberf low;Stokes  layer, Turbularization;lnstabil  ity, 
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Erosive  Burning  Study  of  Stick  ♦•Propellants**. 
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A  theoretical  model  was  solved  numerically  for  simulating 
erosive-burning  processes  occurring  inside  the  center  perforation 
of  an  unslotted  NOSOL-363  stick  ••propel lant**  Results  show  that 
the  erosive-burning  phenomenon  is  caused  by  the  enhanced  neat 
feedback  from  the  gas  phase  to  •♦solid**  phase  resulting  from  the 
combined  effect  of  increased  turbulent  mixing  and  reduction  in 
flame  stand-off  distance  from  the  burning  surface  The  real-time 
x-ray  radiography  system  was  demonstrated  to  be  a  powerful  and 
reliable  tool  for  nonintrusive  measurements  of  instantaneous 
burning  rates. A  model  was  validated  by  experimental  data  in  terms 
of  time  variation  of  internal  diameter  distri but  ions. Thermal  wave 
structures  of  NOSOL-363  stick  ♦•propellants**  under  erosive-  and 
strand-burning  conditions  were  measured  by  fine-wire  thermocouples. 
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Studies  of  •*Solld*»  ♦•Propellant**  Combustion  witn  Pulsed 
Radiography 

GOOAI  T.;  TANEMURA  T  ,,  FUJIWARA  T  ,  SHIMIZU  M. 

National  Aeronautics  and  Space  Administration,,  Washington,  DC 

011249000;,  NC452981 

Report 

ENG 

JP 
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Trans  Into  Engl Ish  of  Parusu  Xsen  Kanketsu  Syashinho  Niyoru  Kotal 
Puroperanto  No  Nensyou  Nikansuru  Kenkya.,  Tokyo,  Japan,  National 
Aerospace  Lab  ,  Sep  78  Original  langua  document  was  announced 
as  N79-77192.  Trans  by  Kanner  (Leo)  Associates,  Redwood  City,  CA. 
Original  document  prepared  by  Aerospace  Research  Group;;  NP.  31, 

DP  Aug  87. 
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NTIS  Prices-  PC  A03/MF  A01 

NASW-4005 

NASA-TT-20081 

Pulsed  radiography  was  applied  to  observe  **solld**  ••propel lant** 
Surface  regression  during  **rocket**  ••motor**  operation  Using  a 
150  KV  flash  X-ray  system  manufactured  by  the  Field  Emission 
Corporation  and  two  kinds  of  film  suppliers,,  images  of  the 
••propel lant **  surface  of  a  S  cm  diameter  end  burning  **rocket** 
••motor**  were  recorded  on  film  The  repetition  frame  rate  of  8 
pulses  per  second  and  the  pulse  train  length  of  10  pulses  are 
limited  by  the  capability  of  the  power  supply  and  the  heat  build 
up  within  the  X-ray  tube,  respectively  The  experiment  demonstrated 
the  effectiveness  of  pulsed  radiography  for  observing  ••solid** 
••r'l^pel  lant**  surface  regression  Measuring  the  position  of 
burning  surface  Images  on  film  with  a  microdensitometer, 
quasl-lnstantaneous  horning  rate  as  a  function  of  pressure  and  the 
variation  of  characteristic  velocity  with  pressure  and  gas  stay 
time  were  obtained  Other  research  Items  to  which  pulsed 
radiography  can  be  applied  are  also  suggested 
81  08,  81  01 

Propellant  combust  ion* .Radiography* ;So) id  rocket  propellants*; 
Surface  react  ions*  .Burning  rate :  Photographic  measurement ,  Pressure ,, 
Pulse  rep'-tition  rate 
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Measuring  Combustion  Advance  in  **Solid**  **ProDe1  lants** .  ■’’he 

••propellant**  forms  a  dynamic  part  of  capacitors 

National  Aeronautics  and  Space  Administration,  Washington.  DC 

011249000 

Report 

ENG 
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This  citation  summarizes  a  one-page  announcement  of  technology 
available  for  utilization  A  set  of  gauges  on  a 
•*so1 1d**-**oropei lant**  **rocket**  **motor**  with  an  electrically 
insu rating  case  measures  the  ad’/ance  of  the  combustion  front  and 
the  local  erosion  rates  of  the  **oroDei lant**  and  insulation. The 
data  furnished  by  the  gauges  aid  in  * 'motor**  design,  failure 
analysis,  and  performance  predict m.r. The  technique  is  also  useful 
in  determining  •*oropei lant**  un'',  rity  and  electrical  properties 
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Of  the  exhaust  plume  The  gauges  can  be  used  both  in  flight  ana  on 
the  ground  The  foil-gauge  technique  may  also  be  useful  in  basic 
research  on  pulsed  plasmas  or  the  combustion  of  solids  Each  gauge 
consists  of  a  small  metal  foil  on  the  outside  of  the  ••rocket** 
••motor**  case  Each  gauge  constitutes  one  electrode  of  a 
capacitor,  while  the  combustion  products  constitute  the  other 
electrode  Since  the  flame  m  the  ••motor**  cavity  is  extremely  hot 
-  2,000  to  3,000  K  -  the  gaseous  combustion  products  are  ionized 
and,  therefore,  electrically  conductive  Because  the  components  are 
located  outside  the  combustion  chamber,  they  do  not  affect  the 
combustion  process 
81  01 ,  81  08,  81  07 
Propel  1  ants* , Combust  ion* 

NTISNTND 
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Report 
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This  project  concerns  assembly,  synthesis  and  comprehensive 
presentat ion  of  mformat ion  on  combustion  instab'lity  m  ••solid** 
‘•rockets**,  in  the  form  of  a  reference  book  The  format  is  cnosen 
to  make  the  book  suitable  for  a  wide  audience  of  readers  including 
propulsion  program  managers,  “motor**  designers,  “propel  luot'* 
Chemists,  test  engineers,  and  combustion  specialists  The  diversity 
of  audience  is  accommodated  by  opening  with  general  introductory 
chapters  for  nonspecia! ist .  with  progression  into  more  applied 
issues.  Such  as  exper'mental  methods  and  remedial  measures  All 
chapters  open  with  Introductions  that  give  a  relatively 
non-techmcal  statement  of  the  problem  and  content,  and  end  with  a 
qualitative  summary  of  what  was  done  in  the  chapter  An  extensive 
bibliography  is  included,  and  supplemented  by  a  n..  complete, 
computer-based  bibliography  w’th  searen-retr ievo  ..acaDility 
81  01 ,  81  07.  81  08 

Combust  ion* .Combust  ion  stabi 1 1 ty* ,Sol id  propellant  rocket  engines*. 
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In  this  paper,  a  numerical  solution  of  bas'c  equation  for  one 
dimensional  two-phase  nonequilibrium  flow  in  a  combustion  chamber 
of  ••solid**  ••propel lant**  ’“rocket**  ••motors**  is  discussed  in 
detail,  the  effect  of  particle  size  on  flow  field  m  combustion 
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cNameer  ana  pressure-time  curves  is  analyzed,,  and  some  useful 
conclusions  are  oDtalned  in  comparison  wun  results  of  one 
dimensional  two-phase  constant  lag  flow  In  combustion  chamber  it 
Is  useful  for  predicting  pressure-time  curves  accurately  and 
providing  accurate  boundary  conditions  for  the  calculation  of 
two-phase  flow  through  the  nozzle  (China,  Chinese  language, 

Translat ions) , Journal  of  Chinese  Society  of  Astronautics  (Selected 
Art  icles)— Translat  ion 
81  07,  81  01 
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14.  Abstract 

1  he  history  of  .solid  propellants  has  dramatically  changed  since  the  end  ol  the  1 9th  century  when 
Paul  Vieillc  and  Nobel  discovered  the  phenomenon  of  gelatinization  of  nitrocellulose  (eithei  by 
solvent  or  by  nitroglycerin).  The  products  thus  obtained  exhibited  a  new  combustion  behavioui . 
combustion  m  parallel  layers.  This  is  the  basis  of  modern  gun  and  rocket  solid  propulsion. 

Extruded  double  ba.se  propellant  grams  were  used  for  propul.sion  of  rockets  before  world  war  II. 
Composite  propellants  (a  binder,  a  fuel  and  an  oxidizer)  were  di.scovercd  during  the  1 94()s.  'They 
also  burn  in  parallel  layers,  although  micro.scopically  the  process  is  more  complex.  Since  that  time, 
these  families  of  propellants  have  been  improved  and  are  nt)w  widely  used  for  the  propulsion  of 
tactical  rockets,  strategic  missiles,  as  well  as  space  launchers.  During  the  operation  of  rocket 
motors,  many  complex  combustion  phenomena  occur.  It  is  the  object  of  Lecture  Series  1 80  to 
present,  and  analyse  all  these  combustion  phenomena,  both  theoretically  and  experimentally: 
—Overview  on  solid  propellant  combustion  within  a  rocket  motor  y 
—Solid  propellant  steady  combustion  ; 

—Ero.sive  burning  ; 

—Special  effects  in  solid  propellant  combustion  • 

— Combu.stion  in.stabilities  ^ 

—  Ignition  and  unsteady  combustion  ^ 

—Combustion  and  safety  of  solid  propellant  rocket  motors. 

This  Lecture  Series,  sponsored  by  the  PropuLsion  and  Energetics  Panel  of  AGARD,  has  been 
implemented  by  the  Consultant  and  Exchange  Programme. 
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